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ABSTRACT 


The  provision  of  emergency  services  to  the  stranded 
motorist  on  freeways  requires  a  coordinated  effort  of  all 
related  agencies.  A  schematic  model  for  a  systems  analysis 
structure  has  been  designed  for  responding  to  freeway 
incidents. 

The  operation  of  an  emergency  service  system  has  been 
represented  in  an  activity  model.  It  describes  the  chrono¬ 
logical  sequence  of  events  and  activities  performed  by  the 
major  components:  police,  mechanical,  fire,  and  medical 
service  of  the  detection  and  service  subsystems.  The 
performance  of  alternative  emergency  service  systems  was 
analyzed  on  the  basis  of  cost  and  effectiveness. 

The  activity  model  has  been  applied  to  analyze  selected 
detection  and  service  systems  on  a  linear  urban  freeway  with 
high  average  daily  traffic  flows.  Stationary  and  patrolling 
units  for  the  police  and  mechanical  service  components  were 
subjected  to  a  detailed  analysis.  Deterministic  and  stochastic 
models  were  developed  for  the  major  activities:  detection, 
travel  to  the  scene  of  incident,  on-site  service,  and  return 
travel  to  normal  position.  The  activity  model  then  was  used 
as  a  basis  for  a  next  event  simulation  process. 

A  cost  and  effectiveness  study  was  employed  to  test  the 
operation  of  the  selected  emergency  service  systems  on  a  set 
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of  historical  incident  data.  The  detection  time  and  the  time 


of  arrival  of  first  service  was  used  as  the  measure  of 
effectiveness  for  the  individual  stranded  motorist.  The 
number  of  vehicles  delayed  and  the  total  delay  due  to 
capacity  reducing  Incidents  was  used  as  the  measure  of 
effectiveness  for  passing  motorists. 

The  general  approach  and  the  analytical  procedures  developed 
in  this  study  permit  ar  analysis  of  the  effects  of  changes 
in  various  parameters  relevant  in  emergency  service  systems. 
The  model  has  the  potential  to  be  applied  to  different 
locations,  or  with  some  adaptions,  to  different  detection 
and  service  subsystems. 
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NOTATION 


Th«  bMlc  structure  of  this  study  snd  dsalgnstlons  of  lea  sections 
srs  apparent  froa  ths  Table  of  Contanta.  Flguraa  ara  numbered 
consecutively  throughout!  while  aquae  Iona  ara  numbered  in  each  aubaectlon 
separately!  beginning  with  (i). 

References  ara  given  together  in  alphabetical  order  at  the  end 
of  the  study.  In  the  taxti  references  ara  designated  by  square  parentheses, 
(  ] ,  while  the  equations  are  in  coanon  parentheses,  (  ). 

Referring  to  any  specific  aquation  within  the  same  subsection  is 
given  by  its  nuaber.  If  the  reference  subject  is  in  another  subsection, 
both  the  subsection  nuaber  end  subject  number  are  given.  For  example, 
reference  to  Equation  3  in  Subsection  5.1.5  is  marked  as  (5.1.5  -  3). 

A  list  of  symbols  is  given  at  the  end  of  the  study.  It  contains  all 
syabols  used  in  the  study  except  for  those  which  are  used  only  locally 
and  defined  lanedlately  in  the  text. 
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CHAPTER  1 


INTRODUCTION 

1.1  THE  PROBLEM 

Freeways  in  urban  areas  carry  large  amounts  of  traffic  during  certain 
periods  of  the  day,  so  that  an  interruption  of  the  traffic  flow  through 
capacity  reducing  incidents  and  accidents  cause' traffic  congestion  and  delays 
to  the  passing  motorist  affected  by  the  roadway  blockage.  On  rural  freeways 
where  the  traffic  demand  is  low  in  comparison  to  the  urban  freeways,  the 
stoppage  of  individual  vehicles  may  not  affect  the  traffic  flow,  but  the 
waiting  for  necessary  service  can  possibly  be  vital  to  the  survival  of  the 
stranded  motorist.  Both  consequences  are  not  exclusive  for  either  location, 
but  describe  the  typical  effects  on  nonrecurrent  incidents.  The  two  examples 
Indicate  the  area  of  research  on  which  this  study  will  concentrate,  that  is 
the  analysis  of  a  response  system  to  assist  the  stranded  motorist  and  the 
study  of  the  effects  of  this  system  on  the  negative  consequences  of  traffic 
incidents  on  access  controlled  highways. 

The  analysis  of  the  emergency  service  system  should  put  some  light  on 
possible  ways  of  Improving  existing  or  designing  new  detection  and  service 
systems.  An  efficient  response  system  then  should  be  helpfull  in  the  re¬ 
duction  of  the  mortatility  rate  of  accident  victims  and  in  the  attempt  to 
increase  the  safety  on  the  freeways. 

A  traffic  incident  may  be  visualized  as  progressing  through  a  series  of 
phases.  Each  phase  is  a  process  of  interaction  among  many  factors  associated 
with  the  driver,  the  vehicle  and  the  environment.  These  natural  phases  can 
be  combined  to  three  stages;  the  pre-incident  stage,  the  intra-incident 
stage  and  the  post-incident  stage  [50].  The  pre-incident  stage  involves 
the  period  that  transforms  travel  into  a  stoppage.  It  is  the  period  where 
incidents  or  accidents  start  and  become  inevitable.  The  intra-incident 


stage  starts  when  the  incident  or  collision  physically  begins  until  the 
instant  that  it  is  over.  The  post-incident  stage  starts  when  a  possible 
Immediate  damage  has  just  been  done  and  involves  the  process  until  that  damage 
Is  transformed  into  the  ultimate  damage,  such  as  death,  disability,  property 
damage,  delays,  secondary  accidents,  or  financial  and  social  loss.  It  la 
the  chronological  sequence  of  events  during  this  last  stage  with  which  this 
study  is  concerned.  While  the  importance  of  the  first  two  stages  is 
recognized,  because  they  are  the  input  to  the  third  stage,  they  will  not 
be  analyzed  and  therefore  will  be  considered  as  given  for  this  study. 

1.2  PREVIOUS  RESEARCH  AND  PRESENT  PROCEDURES 

The  theoretical  treatment  of  freeway  emergency  service  systems  has  been 
given  little  attention  to  date.  In  this  section  a  review  of  the  historical 
development  of  emergency  services  on  highways  and  access  controlled  roadways 
will  be  given.  The  relevant  literature  on  existing  detection  and  service 
ayatems  will  be  presented  In  a  reference  matrix,  which  at  the  same  time 
displays  the  types  of  detection  methods  used  and  the  main  components  of  the 
service  subsystem.  Reference  to  mathematical  models  and  theoretical  approaches, 
which  are  concerend  with  subsystems  of  the  problem  is  given  in  Chapters  2 
and  5,  where  those  subsystems  are  discussed.  Present  procedures  applied  in 
designing  and  operating  emergency  service  systems  are  discussed  at  the  end 
of  this  section. 


1.2.1  Historical  Development 

The  need  of  service  for  a  traveler  exists  since  man  started  to  leave 
his  residence.  All  Roman  roads  had  halting  stations  for  travelers  to  rest 
and  to  change  their  horses  [55].  The  first  organized  way  stations  seem  to 
have  been  built  by  the  Assyrians  as  early  as  680  B.C.  On  the  Royal  Road 
in  Persia  between  Sardis  and  Susa,  a  distance  of  1600  miles,  there  were 
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official  post  seat  Iona  ovary  IS  allot  (4)).  Only  the  ootabliahaont  of  the  so 
way  acatUma  allowed  acsscngsrs  at  that  tin#  to  travol  long  distances 
aafaly  in  rolativaly  ahort  Intervals  of  time,  because  thoy  could  roly  on 
the  aarvlcea  and  protection  provided  by  these  station*. 

A  ayatoa  aa  well  organised  at  that  by  tha  Persians,  adjuatod  to  tha 
aarvlce  needs  of  traffic  Incidents  on  aodam  Highway  a,  would  already  bo  one 
aup  toward  the  solution  of  the  problea. 

With  the  aotorlaatlon  of  the  20th  Century  and  the  construction  of  access 
controlled  highways  (82),  the  need  for  service  to  the  aotorlst  became  oven 
■ore  apparei’ r  Starting  with  the  construction  of  the  Autonob 11  Verkeh ro¬ 
und  Uebunge-f t ransc  (AVUS)  In  Berlin  191)  (completed  after  World  War  1, 

1921)  (27|,  hlf.h  speed  freeways  were  developed  which  led;  e.g.,  to  the 
Cenuin  Autobahn  network  aa  well  ae  the  Interstate  Highway  Syaien  in  the 
United  Statea.  As  long  as  the  traffic  flow  on  the  freeways  was  low  as 
compared  to  their  capacity,  the  aajor  concern  after  an  Incident  was  for  the 
Individual  stranded  aotorlst,  who  needed  aaaletance  end  not  the  blockage  of 
the  roadway.  But  tha  public  concern  was  still  saall,  considering  the  problem 
with  which  the  stranded  aotorlst  was  confronted.  The  establlehaent  of 
.  eaergency  telephones  spaced  at  about  one  alls  along  the  Coman  Autobahn, 

which  worn  connected  with  aalntalnance  stations  waa  one  of  the  first  atteapts 

•  , 

to  provide  assistance  (1939)  (108). 

Only  Che  high  traffic  denand,  which  exists  on  sons  urban  highways, 
has  alamad  tha  public  which  la  now  Influtnced  by  the  offsets  of  congaatlon 
duo  Co  capacity  reducing  Incidents  (31,  77,  71,  86,  1)8,  141).  Today  there 
are  still  vary  faw  links  on  tha  urban  freeway  nacworka  which  have  datactlon 
or  service  systaas  to  respond  to  traffic  incidents.  A  nvetber  of  osaaploa 
In  the  United  States  are  toll  facilities  operated  by  agencies  who  benefit 
froa  maintaining  an  adequate  lav*!  of  sarvlca,  as  It  la  desired  by  the 


eotorUt*.  Eseopl**  at*  u*e  U«c«»:n  and  Holland  Tunnels  l»»  New  York  and  the 
loll  briber**  t«  t*««?  ff*rcl«fo  Hay  Are#  (123). 

Ttw  f*»r  t »**?  IiuIIvUmI  notorUt  l»d  ortMlmlont  like  the 

AAA  (AwrlMn  Auiwwbito  Association)  to  tiublitli  locally  tutlond  cow 
vehicles  along  highway*  (12),  or  the  ADAC  (A l lgemolner  Deutscher  Automobll 
Club)  co  operate  oorvlco  patrols  on  the  Carman  Autobahn  (2,  14S).  That* 
aarvleaa  are  ooscly  only  available  to  smbcri  of  cheat  private  assoc lae Iona. 

A  new  era  for  tha  detection  and  servicing  of  stranded  freeway  notorlats 
started  with  (he  creation  of  Traffic  Surveillance  and  Control  Projects 
In  various  United  Stases  cities;  e.g.,  Chicago  (S3.  84),  Detroit  (22)  ard 
Houston  1 13s’  in  the  early  sixties.  Established  to  study  and  control  the 
traffic  flow  at  moat  critical  links  of  the  urban  freeway  systems,  the 
projects  were  able  co  study  the  causes  and  consequences  of  vehicle  stoppages 
(33  ,  34  ,  37).  But  the  emphasis  was  more  on  the  detection  of  the  stoppages 
than  on  the  summoning  of  appropriate  service  to  the  stranded  aotorlst. 

Another  move  toward  the  solution  of  this  problem  came  from  the  necessita¬ 
te  cere  for  the  Injured  In  automobile  accidents.  Some  efficient  medical 
emergency  cere  eystesse  were  developed  through  local  efforts,  e.g..  In  the 
City  and  County  of  Sen  ftanclsco  (71)  and  In  Hew  York  City  (1U).  Since 
the  creation  of  the  Highway  Safety  Act  In  1946  and  the  subsequent  establlshne 
ef  the  Department  of  Tranaporatlon,  research  was  sponsored  In  this  field, 
particular  by  the  National  Highway  Safety  Bureau  (NHSB) .  The  efforts  of 
mil  are  expressed  through  numerous  research  contracts  and  denonstratlon 
projects  In  the  field  of  Emergency  Medical  Systems  (127)  and  Traffic  Safety 
Systems  in  general  (30). 

1,3.2  Saacriotlon  of  P«?i«ctlon  and  Service  Svstcrs  lr.  Operation 

Numerous  detection  and  service  systems  are  presently  in  operation  or  in 
the  development  stage  (4,  92,  122,  133).  To  provide  a  basis  for  a  systematic 


analysis  of  smsrgsncy  ssrvlcs  systems,  In  the  following  subsections  a 
structure  of  emergency  services  will  be  given  and  relevant  systems  are 
described. 
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1.2. 2.1  Detection  Methods  and  Service  Components 

Stoppages  on  freeways  are  detected  in  various  ways  and  different  methods 
are  employed  to  render  necessary  service  to  the  stranded  motorist.  In  this 
study  the  term  detection  will  be  used  to  describe  the  first  phase  after  the 
occurence  of  an  incident^  until  the  operating  agency  knows  about  this 
occurence  and  initialises  the  next  phase  of  the  response  system,  which  is 
the  dispatching  of  necessary  service. 

The  presently  used  detection  methods  can  be  divided  into  three  groups. 

The  first  group  encompasses  aerlel  and  ground  patrols  along  the  highway 
which  watch  for  the  occurence  of  incidents.  These  patrol  vehicles  may  be 
used  for  detection  only  or  may  el.  **rvs  as  a  service  vehicle. 

The  second  group  contains  those  detection  systems  which  allow  the 
individual  motorist  to  signal  a  call  for  service  from  his  car  with  a  build-in 
transmitter  and/or  receiver.  This  Includes  systems  like  Citizens  Band 
Radio,  or  the  use  of  an  adjusted  car  rsdlo. 

The  last  group  consists  of  all  discrete  detection  units  which  are 
located  along  the  roadway.  For  example,  observers  positioned  along  the 
highway,  TV  cameras,  emergency  telephones,  call  boxes,  presence,  flow  and 
optical  detectors. 

The  service  subsystem  is  dependent  on  the  type  of  services  required 
by  the  Incidents.  A  typical  distribution  of  stop  types  is  given  In  Figure  1 
which  is  adapted  from  [102].  Baslcly  four  separate  components  may  respond 
to  the  requests  for  assistance  from  these  stoppages. 

*An  incident  as  described  In  this  context  and  study  is  defined  as  any  stoppage 
of  a  vehicle  on  the  roadway  or  shoulder,  whether  it  influences  the  traffic 
flow  or  not. 


apted  froa  Airborne  Instruments 
b.  Report  [102]) 
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Police  units  respond  as  soon  as  an  accident  of  certain  characteristics 
Is  reported  for  the  purpose  of  accident  investigation  and  law  enforcement 
[26,  112].  At  the  same  time  they  provide  for  the  protection  at  the  scene 
of  the  incident  and  control  the  traffic  flow. 

Service  vehicles,  tow  vehicles  and  wreckers  provide  the  service  necessary 
for  the  disabled  vehicle  and  for  the  removal  of  roadway  obstructing  debris. 

Fire  trucks  and  fire  rescue  squads  are  called  to  extinguish  fires  and 
at  the  same  time  can  be  of  assistance  in  the  extrication  of  trapped  accident 
victims  from  their  cars  and  in  the  removal  of  vehicles  and  debris. 

Ambulances  are  used  basically  for  the  transportation  of  the  injured, 
but  their  staff  also  provides  first  aid  service  and  in  some  cases  on-site 
medical  treatment  or  treatment  during  transportation  [88,  107]. 

At  the  same  time  all  components  can  provide  the  following  services  to 
a  certain  extent:  information,  first  aid,  protection  at  the  site,  control 
of  traffic  and  extrication  of  trapped  victims. 

In  some  cases  it  might  be  necessary  to  activate  other  service  units, 
e.g.,  highway  malntainance  crews  and  vehicles,  and  the  coroners  department 
for  the  transportation  of  fatal  accident  victims. 

1.2. 2. 2  Detection-Service  System  Matrix 

The  Interrelation  between  the  described  detection  methods  and  service 
components  is  used  in  the  reference  matrix.  Figure  2.  The  intersection 
between  a  row  and  a  cloumn  in  the  matrix  represents  a  unique  combination  of 
a  detection  and  service  subsystem,  implied  herein  is  ths  communication 
between  the  two.  Reference  to  particular  emergency  systems  is  only  given 
if  direct  communication  is  established  between  the  detection  subsystem  and 
the  service  component.  Figure  2  Indicates  how  important  and  useful  a  role 
the  passing  motorist  can  play.  Direct  communication  means  that  he  informs 
the  required  service  components  himself. 


inication 


The  numbers  in  each  cell  refer  to  the  entries  in  the  reference  list. 

Only  references  which  describe  systems  in  operation  or  methods  proposed  to 
certain  locations  are  included.  A  bibliography  on  motorist-aid  systems 
exists  in  (59,  129]  and  in  detailed  annotated  bibliography  on  emergency 
service  systems  and  related  fields  was  prepared  by  [104],  The  relative  few 
entries  of  references  show  two  characteristics.  First,  few  systems  have 
been  explored  or  proved  successful  enough  to  report  about  them  and  second, 
few  agencies  operating  these  schemes  considered  it  worth  to  write  about  the 
experiences  and  Installations. 

1.2. 2, 3  Review  of  Some  Established  Detection  and  Service  Systems 

Some  of  che  highlights  of  the  review  of  the  literature  and  the  observa¬ 
tion  of  detection  and  service  systems  presently  in  operation  [68]  are 
presented  <n  this  section.  A  brief  description  will  be  given  of  three 
service  components  as  to  point  out  soaw  of  their  operational  characteristics 
to  which  will  be  referred  in  the  later  analysis. 

Except  for  e  few  highways  where  roadside  communication  exists  such  as 
call  boxes  or  emergency  telephones  the  stranded  motorist  has  to  rely  on  the  passing 
motorist  or  on  the  service  of  the  police.  In  urban  areas  the  police  frequently 
patrola  the  freeways  in  linear  beats,  l.e.,  a  police  unit  la  assigned  to  a 
stretch  of  freeway  which  it  has  to  patrol.  In  rural  areas  the  beats  are 
often  area  hr  its,  l.e.,  the  police  officer  has  to  patrol  several  freeway  or 
highway  sections  and  therefore  he  responds  only  after  the  request  for  his 
service.  The  beats  are  mostly  limited  by  on  and  off  rasps,  but  sometimes 
historically  by  city  or  county  limits.  In  urban  areas  the  linear  beats 
have  a  length  from  one  to  three  or  five  miles.  An  officer  in  an  area  heat 
might  have  to  patrol  in  excess  of  25  miles  of  roadway.  The  beat-length  is 
designed  so  that  one  police  unit  can  patrol  the  beat  reasonably.  The 


I* 

deployment  of  police  personnel  to  the  boots  Is  occompllshed  on  the  basis  of 
MeUfnt  frequencies  and  tho  nusibor  of  porsonnol  available. 

In  California  police  petrols  ore  presently  the  primary  moans  of  detecting 
e  stranded  motorist  on  freeways  [S2,  73).  Equipped  with  on  excellent  two-way 
communication  system  a  police  unit  at  the  scene  of  an  incident  la  able  to 
request  further  service  for  the  motorist  immediately.  The  police  officer 
is  the  fluid  can  rely  on  the  police  communication  center  which  can  relay  any 
request  to  the  appropriate  service  unit.  Since  the  police  is  the  primary 
eleoant  of  detection  for  vehicle  stoppages  and  because  the  basic  communication 
equlpsMnt  la  already  available,  the  communication  centers  have  partly  developed 
Into  dispatch  centers  for  any  emergency  service.  Excellent  examples  are 
those  of  the  City  of  Chicago  (14]  and  Detroit  [26]  and  the  California  High¬ 
way  Patrol  In  Oakland  (68].  Zt  is  questionable.  If  the  police  want  to  take 
the  major  roaposMlblllty  for  service  to  the  motorist,  but  at  present  police 
are  taking  this  responsibility.  A  point  in  favor  of  the  police  patrol  is 
the  high  correlation  observed  between  accident  occurence  and  the  patrol 
frequency. 

The  Oak  lead  end  San  Leandro  dispatch  center  of  the  California  Highway 
Patrol  are  responsible  for  the  freeways  in  Alameda  County  and  a  portion  of 
Cootra  Coats  County,  as  well  as  for  highways  outside  of  incorporated  cities, 
figure  3  chows  the  beat  structure  for  the  County  of  Alameda.  The  county 
was  eubdlwided  into  tow  and  ambulance  zones  in  accordance  with  the  cities 
concerned  and  the  location  of  tow  vehicles  and  ambulance  owners.  If  the 
stranded  motorist  requests  e  particular  service,  but  does  not  specify  an 
organisation,  the  central  dispatch  requests  tow  and  ambulance  units  on  a 
rotating  basis.  The  Oakland  central  dispatch,  for  example,  has  up  to  four 
officers  on  duty  to  dispatch  and  direct  appropriate  services  to  the  scene  of 
an  incident  for  approximately  60  miles  of  roadway. 


FIGURE  3:  PATROL  BEATS  OF  THE  CALIFORNIA  HIGHWAY  PATROL,  TOW  AND  AMBULANCE  ZONES  IN  ALAMEDA  COUNTY 
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This  type  of  operation  is  not  typical,  for  example  across  the  bay  in 
San  Francisco,  the  dispatch  center  of  the  California  Highway  Patrol  relays 
requests  of  their  patrolling  officers  to  the  city  police  and  central 
ambulance  dispatch  center.  The  city  police  then  requests  tow  and  wrecker 
services  from  Individual  tow  companies  located  closest  to  the  incident.  The 
ambulance  center  dispatches  the  closest  ambulance  to  the  scene  of  injury. 

The  different  types  of  operation  are  largely  due  to  the  different  size  and 
degree  of  urbanization  of  the  City. 

Except  for  some  toll  facilities  and  some  critical  links  of  the  highway 
network  little  coordinate  effort  is  made  to  provide  service  and  tow  vehicles 
which  patrol  the  freeways  or  are  on  stand  by  at  critical  locations. 

One  exception  is  in  the  City  of  Chicago,  where  along  the  Metropolitan 
Expressway  System  "Emergency  Patrol  Vehicles"  are  assigned  to  certain 
stretches  of  the  network  [87].  The  length  of  these  sections,  3  to  12  miles, 
is  dependent  on  operational  factors  as  well  as  on  the  accident  frequency 
along  these  expressway  sections.  The  service  vehicles  used  can  cope  with 
nearly  any  situation  except  with  very  heavy  vehicles,  very  large  fires  or 
the  transportation  of  the  injured.  If  one  recalls  Figure  1,  this  means 
more  than  90%  of  all  services  requested  can  be  handled  by  these  vehicles. 

The  operation  of  this  system  is  very  successful  and  in  addition  to  the  incident 
detection  and  servicing,  provides  freeway  maintenance.  As  an  average 
seventeen  vehicles  are  in  operation  per  eight  hour  day  shift.  Figure  A  shows 
an  example  of  a  typical  deployment  of  the  vehicles  for  a  day  shift  on  a 
weekday,  while  Figure  5  gives  the  distribution  of  accidents  along  the  express¬ 
way  system  [13]. 

A  unique  patrol  system  is  operated  by  the  New  York  Port  Authority  in 
the  Lincoln  Tunnel.  The  tunnel  is  a  toll  facility  under  the  Hudson  River 
connecting  New  York  City  with  New  Jersey.  During  the  night  shift  (only  two 


Cook  Co 


FIGURE  A:  LINEAR  BEAT  STRUCTURE  FOR  EMERGENCY  PATROL 

VEHICLES  ON  THE  CHICAGO  METROPOLITAN  EXPRESSWAY  SYSTEM 
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FIGURE  5:  DISTRIBUTION  OF  ACCIDENTS  ON  THE  CHICAGO 

METROPOLITAN  EXPRESSWAY  SYSTEM  FOR  THE  YEAR  1967 
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tubes  are  In  operation,  one  per  direction)  three  cere  ere  mi1|m4  te  petrol 
the  two  tunnel  tubee  with  e  strictly  observed  two  olnute  headway.  To  eech 
cer  two  non  ere  resigned.  At  three  control  points  police  officers  ere 
stationed  who  nerve  ss  s  replacement.  If  the  rider  of  e  police  cer  bee  to 
be  dropped  at  the  scene  of  an  Incident.  This  operation  with  standby  crows 
at  the  control  points  allows  a  very  efficient  surveillance,  control  end 
energency  service  In  the  tunnel  (hi).  It  Is  also  Interesting  to  observe 
chat  the  personnel  of  the  New  Yorh  Port  Authority  concerned  with  the 
energency  service  for  the  tunnel  are  police  officers  (42). 

The  transportation  of  the  Injured  In  traffic  accidents  was,  until  recently, 
not  seen  as  a  specific  task,  but  was  handled  In  the  framework  of  normal 
nodical  emergencies.  The  ambulances  are  operated  by  a  variety  of  agencies 
ouch  as  funeral  homes,  volunteer  groups,  hospitals  and  firs  departments 
(17,  101,  113) .  An  efficient  servlco  la  given  by  the  city  of  San  Francisco. 

The  city  Is  divided  into  five  hospital  roses,  each  of  which  contains  an 
emergency  hoepltal.  Assigned  to  each  hospital  Is  at  least  one  ambulance, 
staffed  with  e  driver  and  nodical  stewart.  All  ambulances  have  two-way 
cosmunlcatlon  systems  and  are  dispatched  centrally  on  the  city  police 
frequency.  The  service  is  maintained  24  hours  a  day,  all  year  long  and  is 

free  of  charge.  All  points  of  the  city  can  be  reached  in  less  than  20 

minutes.  The  location  of  the  hospitals  and  the  ambulances  lo  relation  to 
the  freeway  systen  is  shown  In  Figure  6.  The  San  Francisco  Emergency  Medical 
System  is  successful,  because  of  the  Joist  operation  of  ambulance  and 
emergency  hospitals.  One  of  the  large  deficiencies  In  this  field,  in 
urban  areas  as  veil  as  In  rural  environments  Is  that  only  few  hospitals  are 
equipped  with  emergency  wards  and  have  on-duty  physicians  able  to  cope  with 
the  Injuries  resulting  froa  traffic  accidents  (1,  49,  34,  132). 

The  use  of  helicopters  for  the  transportation  of  the  injured  proves  to 

be  successful  and  fast  (16).  An  efficient  esanple  is  given  by  a  private 
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physician  vho  files  a  helicopter  over  congested  areas  of  the  German  Autobahn 
network,  waiting  for  the  request  of  his  services  [38].  He  can  give  first 
aid  and  actual  nodical  treatment  and  provides  fast  transportation  of  the 
injured  to  the  emergency  hospitals.  Experimental  studies  using  the  combat 
experience  of  helicopter  evacuation  are  underway  [16,  45,  61,  110]. 

The  described  methods  of  operation  of  some  service  components  on  free¬ 
ways  and  in  some  communities  are  unique  and  outstanding  when  compared  with 
the  standard  for  the  majority  of  the  highway  network.  Even  in  the  given 
examples  one  realizes  that  these  systems  developed  historically  and  that 
only  in  few  cases  a  systems  analysis  was  undertaken  for  detecting  and  servicing 
stoppages  and  accidents  on  highways.  Yet  the  complexity  of  the  problem 
requires  a  joint  effort  of  all  interest  groups,  which  are  concerned  with 
achieving  an  efficient  system  for  responding  to  freeway  Incidents.  This 
effort  has  to  be  based  on  a  systematic  analysis  of  all  factors  and  elements 
Influencing  the  system,  so  that  alternative  solutions  to  the  problem  can  be 
evaluated  with  respect  to  their  cost  and  benefit. 


CHAPTER  2 
SYSTEMS  APPROACH 

The  review  of  Che  literature  indicates  that  little  research  has  been 
done  considering  the  detection  and  service  system  for  freeway  Incidents  as 
a  whole.  Research  sponsored  by  the  Department  of  Transportation  led  recently 
to  comprehensive  studies  of  the  traffic  safety  system  [50,  143,  144],  and  in 
particular  to  the  study  of  the  emergency  medical  systems  for  traffic  accidents 
[17,  30,  45,  90,  115,  116]. 

This  study  is  concerned  with  response  systems  to  traffic  incidents  and 
in  particular  with  the  post  incident  stage;  i.e.,  the  chronological  sequence 
of  events  and  activities  after  the  occurence  of  an  incident.  A  systematic 
analytic  method  is  developed  based  on  the  study  of  existing  emergency  service- 
systems.  The  response  system  is  described  in  relation  to  its  objectives 
and  the  costs  and  benefits  implied  by  alternative  solutions.  After  the 
formulation  of  this  approach  different  detection  and  servicing  subsystems 
will  be  analyzed  and  evaluated. 

2.1  SCHEMATIC  MODEL  OF  THE  FREEWAY  EMERGENCY  SERVICE  SYSTEM 

A  schematic  model  of  a  systems  analysis  structure  for  responding  to 
freeway  incidents  is  presented.  A  description  of  the  model  is  given  in 
Figure  7,  which  gives  an  impression  of  the  overall  structure  of  the  problem 
[119].  The  model  considers  four  parts: 

The  input  of  the  system  corresponds  to  the  situation  immediately  after 
the  intra-incident  stage  and  is  a  description  of  the  incident;  i.e.,  the 
time  and  location  of  the  incident,  type  of  incident,  i.e.,  stoppage,  accident, 
injury,  property  damage,  traffic  flow  conditions  and  environment. 

The  activity  model  consists  of  the  main  phases  (1)  detection,  (2)  evalua¬ 
tion,  (3)  on-site  actions,  and  (4)  evacuation  of  victims  and  debris  from  the 


INPUT  t>  ACTIVITY  MODEL  t>  OUTPUT  I  >  RECIPIEMTS 
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roadway,  A  dauiled  description  of  chess  set  1  video  will  be  given  in 
lection  2. A.  The  model  considers  ell  setivitiss  to  be  yef^>*(d  by  slternete 
detection  end  service  systems. 

The  output  of  the  activity  node!  reflects  the  performance  of  the  ey«tv» 
with  respect  to  the  evaluation  criteris  selected. 

The  fourth  pert  celled  recipients,  conteine  those  persons  who  benefit 
or  suffer  fron  the  output. 

These  four  ports  of  the  model  ere  connected  to  eech  other  through 
technlcsl  relationships  end  on  allocation  system. 

The  lower  part  of  the  diegraoi.  Figure  7,  describes  the  means  to  evaluate 
different  detection  end  service  methods,  with  respect  to  cost  end  effective¬ 
ness  on  the  basis  of  selected  objectives.  Several  measures  can  be  anticipated, 
which  describe  the  performance  and  cost  of  the  system.  Here  only  two  measure s 
of  the  output  fron  the  activity  model  are  listed.  One  is  the  completion 
time  of  certain  activities  which  Is  s  measure  of  effectiveness.  The  other 
asesure  Is  tha  number  and  usage  of  detection  and  service  units,  needed  to 
perform  the  activities  which  reflect  the  cost. 

After  the  definition  of  cost  and  effectiveness  models,  the  total  system 
can  be  analysed  for  a  given  set  of  goals  and  selected  actions. 

2.2  OBJECTIVES 

The  evaluation  of  alternate  detection  and  service  methods  is  bassd  on 
the  achievement  of  certain  objectives.  These  objectives  have  to  be  specified 
operationally  as  to  be  able  to  relate  the  output  of  alternate  systems  to  the 
achievement  of  objectives.  The  specification  of  objectives  is  rather  difficult 
and  in  general  it  is  not  easy  to  obtain  satisfactory  definitions  (119]. 

The  range  of  objectives  in  a  traffic  safety  system  is  wide.  Considering 
the  system  for  responding  to  traffic  incidents,  in  particular  the  post-incident 
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stage,  the  objectives  of  Che  systems  analysis  ore  Halted  to  tha  reduction 
fo  the  Incident  severity!  l.e.,  the  oerlousnooe  of  the  ulclaete  consequence 
of  on  incident  or  accident  (SO). 

A  hierarchy  of  three  principal  objectives  vae  established  in  (102) i 

1.  Maintain  capacity 

2.  Increase  safety  to  the 

(a)  vehicle  stopped  in  the  lane 

(b)  reaalnder  of  vehicles  on  the  facility 

(c)  vehicle  off  the  traveled  lanes 

lncreaeo  the  probsblltty  of  survival  in  an  accident 

3.  Provide  aotorlst  service. 

Xn  this  study  the  systens  objectives  are  Halted  to  the  following: 

1.  Reduce  the  aortality  rate  of  the  vlctlas  of  accidents 

2.  Reduce  the  delay  experienced  by  vehicles  passing  the  Incident 

3.  Reduce  the  msiber  of  secondary  accidents  esused  by  an  Incident. 

1.3  COST  AMD  EFFECTIVE  ESS 

In  the  scheaatlc  nodel,  presented  in  Figure  7,  the  cost  and  effective¬ 
ness  approach  Is  siggested  for  the  evaluation  of  alternate  detection  and 
service  systeaa  (36,  109,  133).  This  technique  hss  the  relative  advantage 
that  a  no notary  foraulatlon  of  benefits  Is  raplared  by  s  aeasure  of 
effectiveness.  A  dlsadvantsge  of  this  not  hod  Is  chat  only  one  aeasure  of 
effectiveness  can  be  considered  at  a  tlae. 

The  coapllatlon  of  costs  can  bo  carried  out  under  j  single  system  of 


aessureaents ,  namely  Dollars.  The  estimation  of  coot*  Is  s  difficult  problem, 
even  If  many  of  the  Indirect  costs  are  ignored.  The  availability  of  data  is 
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cenpllcsted  through  th*  tact  that  thay  ara  addon  atraelflad  to  tha  desired 
detail  of  tha  actlvltlaa  and  output  conaldarad. 

tha  of f active ness  establishes  tha  link  between  the  output  characteristics 
•f  tha  activity  syaten  and  the  salaetad  objectives.  Tha  neasure  of  affect* 
Ivannas  should  reflect  the  achlevestent  of  tha  objectives.  Basically  two 
groups  of  of  fee  tl  vanes  sea  ara  significant  In  achieving  selected  goals  for 
tha  detection  and  service  syaten. 

Tha  first  group,  hare  called  individual  effectiveness,  encompasses 
those  affects  which  ara  allocated  to  tha  Individual  stranded  motorist. 

Thay  are: 

(a)  Probability  of  detection 

(b)  r*etectlon  tins 

(c)  Tina,  whan  vie  tin  knows  it  Is  detected 

(d)  Arrival  tiM  o(  first  service 

(a)  On-site  service  tine 

(f)  Stop  duration 

(g)  Appropriate  nedical  treatnent  of  the  Injured:  first  aid; 
treataant  on-site,  during  transportation  and  at  hospital; 
probability  of  survival 

(h)  Appropriate  service  for  the  disabled  vehicle:  on-sltt,  tow, 

in  garage. 

The  second  group,  here  called  oolluotivt  effectiveness,  contains  out¬ 
puts  which  are  allocated  to  the  passing  notorlst  or  those  who  are  affected 
through  the  incident. 

(a)  Increased  travel  tine,  due  to  roadway  blockage,  expressed  as 


1.  total  delay  in  vehicle  hours 

2.  naxlaun  Individual  delay 
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3.  percent  or  number  of  people  delayed  for  longer  than  x  min. 

(b)  Hazard  of  second  accident,  reflected  through  the  number  of  vehicles 
affected  through  the  blockage  [24]  and  the  upstream  shockwave 
velocity. 

After  comparing  the  list  of  objectives  and  the  actual  outputs  of  the 
activity  model,  the  consideration  has  been  limited  to  the  following  measures 
of  effectiveness: 

individual  measures:  detection  time 

arrival  time  of  first  service 
probability  of  survival 

collective  measures:  blockage  time 

total  delay 

number  of  vehicles  affected  (2nd  accident). 

2.4  THE  ACTIVITY  MODEL 

The  schematic  model  described  in  Section  2.1  gives  the  framework  for 
the  analysis  of  detection  and  service  systems.  It  consists  of  the  four 
parts;  input,  output,  activity  model  and  recipients.  In  this  section  the 
third  part,  the  activity  model,  is  described  in  greater  detail. 

The  emergency  service  system  for  freeway  incidents  consists  of  proper 
men  and  equipment  assigned  to  this  task.  The  mission  of  this  system  is 
to  detect  incidents  and  to  dispatch  appropriate  service  units  to  the  scene 
of  the  incident,  which  can  treat  and  evacuate  possible  victims  and  remove 
disabled  vehicles  from  the  site.  In  performing  this  task,  the  objective  is 
to  reduce  the  time  required  for  the  mission  to  be  accomplished. 

To  study  the  functioning  of  the  response  system  under  different 
Incident  situations  a  model  must  be  designed,  which  represents  a  realistic 
Interpretation  of  the  real  world.  This  model  then  can  be  used  to  design  a 
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•imulation  routine,  which  allows  the  study  of  the  performance  of  the  system 
under  varied  input  parameters.  A  similar  approach  was  used  for  a  simulation 
study  of  medical  evacuation  of  war  casualities  [34]. 

The  purpose  of  the  study  is  to  determine  to  what  extent  the  response 
systems  objectives  are  attainable  and  mutually  compatible  and  at  the  same 
time  to  discover  possible  changes  that  might  be  made  in  the  system  to 
improve  its  functioning. 

2.4.1  Chronological  Sequence  of  Events  and  Activities 

The  following  phases  of  the  system  are  considered  in  this  model.  Their 
description  will  Indicate  what  information  is  necessary  in  order  to  evaluate 
the  detection  and  service  system. 

Detection 

This  phase  starts  after  the  intra-incident  stage  and  encompasses  all 
activities,  which  lead  to  the  detection  of  the  incident  and  the  request 
for  service.  Means  for  detection  of  vehicle  stoppages  presently  in  operation 
ere  given  in  the  reference  matrix,  Figure  2  and  some  are  described  in 
Section  1.2. 2.1.  The  communication  center  of  the  detection  subsystem 
obtains  information  of  an  incident  either  from  the  motorist  via  a  in-vehicle 
communication  device,  from  a  fixed  communication  terminal  along  the  roadway, 
or  from  people  observing  the  roadway. 

Evaluation  and  Dispatch 

The  type  of  necessary  service  is  determined  during  the  evaluation 
phase.  The  dispatching  of  service  units  to  the  scene  of  the  incident  follows 
the  evaluation.  The  evaluation  of  the  situation  of  an  incident  relies 
largely  on  the  detection  system.  Either  the  information  received  through 
the  detection  subsystem  is  sufficient,  or  additional  information  is  obtained 
through  the  dispatching  of  m^n  to  the  scene.  A  dispatch  center  gets  its 
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requests  either  through  the  detection  subsystem  directly  or  from  the 
communication  center  which  maintains  the  detection  subsystem. 

On-Site  Action 

The  on-site  action  includes  all  activities  which  have  to  be  performed 
on  the  traffic  lanes  and  on  the  shoulder  of  the  highway.  The  on-site  action 
depends  on  the  type  of  incident  and  its  environment.  The  men  and  equipment 
which  are  dispatched  to  the  scene  are  limited  to  four  components;  (1)  accident 
investigation  and  law  enforcement  (police) ,  (2)  mechanical  aid  and  clearing 
wreckage  from  the  roadway  (service  vehicle,  wrecker),  (3)  extrication  of 
victim  and  first  aid  medical  treatment  (ambulance) ,  and  (4)  fire  extinguishing 
(fire  rescue  squad) . 

Evacuation 

This  phase  includes  the  evacuation  of  the  victims  and  the  removal  of 
disabled  vehicles  from  the  site.  Equipment  for  these  activities  is  needed 
which  is  suitable,  (1)  for  the  transportation  of  the  injured,  and  (2)  for  the 
removal  of  the  disabled  vehicles  and  debris. 

Reavailability 

The  last  phase  considers  the  reavailability  of  the  men  and  equipment 
after  the  fulfilling  of  an  assigned  task.  This  includes: 

(1)  availability  of  an  ambulance  after  unloading  of  the  injured  at  an 
emergency  hospital, 

(2)  the  availability  of  service  vehicles,  wreckers  and  fire  extinguisher 
equipment  after  the  completion  of  ttv  work  and  unloading  of 
possible  wrecks  at  a  garage  or  service  station, 


(3)  availability  of  police  personnel  after  the  investigation  of  the 

incident  which  might  include  a  trip  to  the  hospital  or  accompaning 
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of  the  victims  to  collect  further  information. 

The  model  might  be  simplified  by  requiring  that  a  service  vehicle  in  only 
reavellable  if  it  has  returned  to  its  normal  position. 

A  summary  of  the  chronological  sequence  of  the  events  after  the  occurrence 
of  an  incident  is  shown  schematically  in  Figure  8.  The  horizontal  scale 
is  an  Indicator  of  the  time  passed  after  the  occurrence  of  an  incident.  In 
the  vertical  direction  the  different  components  of  necessary  services  are 
represented,  each  as  a  coordinate  system,  where  the  abclssa  is  the  time 
after  the  occurrence  of  an  incident  and  the  ordinate  the  distance  away  from 
the  scene  of  the  incident.  Each  square  dot  represents  an  event  and  the 
links  connecting  the  events  are  the  activities  which  the  events  engender. 

The  upper  portion  of  the  diagram  shows  for  a  given  demand  and  capacity  con¬ 
figuration  qualitatively  the  possible  delays  to  the  motorists,  due  to  block¬ 
age  of  the  roadway  after  an  incident.  There  is  no  scale  to  the  coordinate 
system,  but  the  events  are  so  arranged  that  the  relation  between  the  everts 
and  their  effects  on  the  queueing  characteristics  become  visible.  For 
example,  the  event  "end  of  roadway  blockage"  which  corresponds  to  the  end 
of  the  activity  "second  service,"  is  assumed  to  occur  at  the  same  time  for 
all  service  components;  i.e.,  they  are  all  on  the  vertical  line  which 
Indicates  the  capacity  Increase  to  its  original  level. 

2. A. 2  Main  Features  of  the  Activity  Model 

The  previous  subsection  provided  a  description  of  the  events  and 
activities  which  make  up  the  activity  model  for  detecting  and  servicing  of 
incidents.  The  purpose  of  the  study  establishes  the  degree  of  detail 
required  and  the  specific  components  of  the  real  system  which  must  be  con¬ 
sidered.  The  real  world  is,  therefore,  abstracted  to  a  series  of  events 
and  activities  which  represent  the  real  system  sufficiently.  This  simplifies 
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FIGURE  8:  CHRONOLOGICAL  SEQUENCE  OF  EVENTS  OF  INCIDENT  RESPONSE  SYST:!” 
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the  model  end  Is  permUeablc  as  long  as  It  is  compatible  with  the  purpose 

of  the  study. 

The  following  components  are  represented  In  the  activity  model: 

Z  ,  incident  vehicle 
P  ,  police  units 
S  ,  mechanical  service  vehicles 
V  ,  wreckers 
A  ,  ambulances 
F  ,  fire  rescue  squad 
C  ,  communication  center 
H  ,  emergency  hospital  . 

For  each  service  component  it  is  assumed  that  it  is  sufficiently  staffed  and 
equipped  to  fulfill  its  assigned  task. 

After  having  limited  the  representation  of  the  model  to  the  above 
components,  one  has  to  consider  only  those  operating  rules  and  those  act¬ 
ivities  which  concern  these  eight  components.  The  activities  and  operating 
rules  are  defined  in  terms  of  65  allowable  events  for  all  components.  The 
occurance  of  an  event  may  change  the  state  of  any  component  of  the  model.  A 
simulation  routine  can  be  designed  to  represent  and  process  the  events  at 
any  stage  of  the  model.  The  events  that  define  the  activities  of  the  com¬ 
ponents  (e.g.,  police  units,  ambulance)  are  presented  in  the  event  matrix 
of  Figure  9. 

The  events  occur  at  three  geographic  locations  for  each  component: 

C  ,  Communication  or  dispatch  center  of  each  entity 
M  ,  Position  between  incident  and  center 


L  ,  Scene  of  the  incident. 
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FIGURE  9:  MATRIX  OF. EVENTS  OF  THE  ACTIVITY  MODEL 
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Ten  categories  of  events  are  considered: 

OCC  ,  Occurance  of  the  incident 

REC  ,  Recovery  of  the  stranded  motorist  or  discovery  of  the  incident 
by  a  patrol  or  motorist 

REF  ,  Report  of  incident  at  a  communication  terminal 

REQ  ,  Request  for  assistance 

DIS  ,  Dispatching  of  service 

ARR  ,  Arrival  at  a  location 

FIR  ,  End  of  first  service  or  treatment 

FIN  ,  End  of  second  service  or  treatment 

END  ,  End  of  third  service  or  treatment 

REL  ,  Discharge  patient  or  vehicle. 

Some  of  these  events  explicitly  involve  only  the  stranded  motorist,  some 
explicitly  involve  the  vehicle  and  some  involve  the  components  and  others 
involve  all  or  a  mix  of  the  three.  Additional  events  could  possibly  occur, 
but  including  more  detail  adds  complexity  to  the  model  without  adding  sign¬ 
ificant  reality. 

The  events  are  represented  by  five  digit  symbols,  where  the  first  three 
digits  indicate  the  type  of  the  event,  the  fourth  digit  indicates  the  com¬ 
ponent,  while  the  fifth  digit  gives  the  location  of  the  event.  For  example, 
ARRAL  stands  for  the  event  arrival  (ARR)  of  an  ambulance  (A)  at  the  incident 
location  (L).  The  symbols  describe  therefore  quite  sufficiently  the  type, 
the  component  and  the  location  of  the  event  considered. 

In  Figure  10  the  event  matrix  of  Figure  9  is  transformed  into  a  net¬ 
work  where  the  nodes  represent  the  events  and  the  links  the  activities.  The 
links  also  Indicate  the  decisions  to  be  made  after  the  occurrence  of  each 
•vent.  The  decision  procedure  which  determines  the  consequences  of  a 


Figure  10  NETWORK  OF  EVENTS  AND  ACTIVITIES  FOR  ACTIVITY  MODEL 


decision  svenc  would  bs  seated  in  s  subroutine  of  e  simulation  program.  It 
is  important  that  these  procedures  can  be  varied  during  a  simulation  study 
to  be  able  to  test  the  sensitivity  of  the  response  system  to  changes  in 
the  operating  rules.  In  Figure  10  it  is  also  differentiated  between  decision 
and  nondecision  events.  These  events  separate  the  links  into  activities 
which  may  follow  and  which  will  follow  an  event. 

There  are  also  some  events  which  are  conditioned  by  the  availability 
of  the  appropriate  service.  This  is  represented  by  two  types  of  queues.  One 
type  is  the  service-available  queue  for  each  component.  If,  for  example, 
one  wrecker  is  waiting  to  be  dispatched,  then  there  is  an  entry  of  one  in 
the  wrecker-available  queue,  if  two  are  evallable,  the  entry  is  two.  The 
other  type  of  queue  would,  e.g.,  be  the  request-for-vrecker  queue.  As 
soon  as  a  request  for  a  wrecker  is  reported,  it  is  entered  in  this  queue 
and  if  in  the  wrecker-available  queue  is  an  entry,  this  wrecker  would  be 
dispatched.  As  soon  as  the  wrecker  arrives  again  at  the  dispatch  center, 
back  from  duty,  it  would  reenter  the  wrecker-available  queue. 

The  Figure  9  gives  a  simple  representation  of  the  multiple  events  possible 
after  the  occurrence  of  an  incident.  The  chronological  sequence  of  these 
events  is  indicated  in  Figure  10  by  the  links  connecting  the  events.  The 
table  of  events  shown  in  Figure  9  is  in  this  way  changed  into  a  network  of 
activities  and  events.  There  are  63  events  and  121  activities  presented  in 
the  model.  These  relative  large  nuabers  can  be  subdivided  into  the  different 
groups  of  components  to  simplify  the  interpretation.  The  121  activities 
can  also  be  differentiated  into  the  activities  which  are  only  communications 
(33X) ,  those  which  are  dependent  on  location  or  Involve  walking  or  driving 
(50Z)  and  those  which  Involve  actual  treatment  (17X),  Figure  11,802  of  the 
activities  are  the  consequence  of  decision  events. 


Figure  11  ACTIVITY  MODEL  -  TYPE  OF  ACTIVITIES 
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>.4.1  Application  of  the  Activity  Model 

An  tusplt  will  now  b«  given  n  to  how  eh*  model  function*.  Assume 
M  incident  bu  oc cured  which  multa  in  an  Injured  driver  and  •  dltabUd 
vehicle  which  block*  eh*  roadway.  Th*  following  ovont*  would  doocrlb#  th* 
response  of  tho  emergency  servlc*  syeten  in  cho  Activity  oodols 

Tho  occidoat  occur*  (0CC1L)  end  After  period  of  tlan  a  passing  aotorltt 
detect*  the  incident  (RSCCL).  The  penning  notorist  drives  to  th*  next 
roedelde  coonun lent loo  terulnel  to  report  the  Accident  (REPQt).  There  h* 
reqweste  appropriate  service  for  the  incident  (UQCC).  Then  the  coonun  1  ca¬ 
tion  center  request*  on  eobulenc*  (REQAC) ,  a  service  vehicle  (UQSC)  end  * 
police  unit  (tEQPC). 

Tho  oeetern  of  tho  three  components  Involved  (anbulance  (A),  servlc* 
vehicle  (S)  end  police  vehicle  (f))  dispetch  units  to  the  scene  of  the 
Occident  I  (DIMM)*  (DIMM)  (  (DltFM) ) .  The  dlspetched  vehicles  travel  fron 
their  current  loco t ion  end  Arrive  et  the  scene  of  the  accident  [  (ARRAL) , 
(ASBSL),  (AWL) 

At  the  scone  of  the  accident  each  conponent  performs  Its  assigned 
activity.  In  cose  of  the  pollen  this  night  be  first  the  protection  of  the 
econo  (FIWL),  then  the  investigation  of  the  accident  on  the  blocked  lanes 
(flVl)  end  then  further  investigation  while  the  vehicle  Is  on  th*  shoulder 
of  the  freeway  (DfDPL).  In  case  of  the  Mbulanee  the  sequen.e  of  events 
night  be,  ex  tricot  •  the  Injured  person  from  the  vehicle  (FIRAL),  first  aid 
treatment  on  the  traffic  lane  (FINAL),  continued  nodical  treataeot  on  th* 
shoulder  end  loading  of  the  ambulance  (BNDAL).  The  first  activity  of  th* 
service  vehicle  wight  be  also  to  protect  the  scene  (F1KSL),  then  handling 
tiie  vehicle  in  the  lane  and  the  removal  of  the  wreck  from  the  lana  to  the 
shoulder  (FINS').  After  the  servlc*  on  the  shoulder  the  vehicle  night  be 
hitched  by  the  tow  whlcl*  (KNDSL). 
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The  service  vehicle  will  than  tow  th«  car  to  a  garaga  and  unload  It 
thora  (RELSC)  and  than  arrive  again  at  its  patrol  boat  (ARRSM).  Tha  pollca 
unit  alght  ratum  dlract  to  Its  patrol  boat  and  arrlva  thara  (ARRPM) .  Tha 
ambulance  alght  drive  to  a  hospital  and  unload  tha  injurad  thara  (RELAM) 
and  than  raturn  to  its  origlnsl  location  (ARRAM). 

After  the  arrival  of  tha  injurad  at  tha  hospital  (ARRHC)  tha  patlant 
would  ba  raleasad  (RELHC)  aftar  a  aerlaa  of  siadlcal  trastaants  (FIRHC) , 
(FINHC) ,  (ENBh'C). 

2.3  NElwORX  ANALYSIS  US  INC  CPH  AND  PERT 

The  eugt»e*t*d  model  is  designed  for  tha  analysis  of  alternate  solutions 
to  the  problem  of  detecting  and  servicing  of  traffic  Incidents.  An  optlsial 
solut tna  problem  could  ba  achieved  through  tha  analysis  of  tha 
measure?)  vt  cost  and  affactlvanasa  for  a  aalacted  sat  of  objectives.  It 
would  ba  desirable  to  achieve  tha  highest  af fectlveness  at  tha  lowest  cost, 
but  tha  sat  of  given  objectives  makes  it  questionable,  if  this  goal  can  bo 
achieved  at  the  same  time.  This  alght  be  explained  by  tha  conflicting 
Interest  of  tha  different  service  components.  The  blockage  of  tha  roadway 
through  an  Injured  accident  victim  conflicts  with  tha  Joint  consideration 
of  tha  two  objectives  (1)  Increase  the  survival  probability  of  the  victim 
and  (2)  reduce  the  delays  to  tha  passing  motorist.  While  a  lengthy  first 
aid  treatment  on  the  traffic  lane  can  be  vital  for  tha  survival  of  the 
traffic  accident  victim,  any  additional  blockage  time  means  further  delays 
for  the  passing  motorist.  At  the  present  time  it  appasrs  not  to  ba  feasible 
to  device  an  analytical  optimisation  procedure  for  tha  whole  detection  and 
s«rvlc*  system.  It  will  be  necessary  to  subdivide  tha  system  either  by 
reducing  the  mmber  of  components  or  their  degree  of  representation.  To 
arrlva  at  an  optimal  solution  for  the  detection  and  sarvica  system,  it  also 
would  have  to  be  applied  at  leaat  to  a  specific  highway  network  and  traffic 
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demand  configuration,  in  order  to  be  able  to  formulate  the  problem  completely. 

One  available  technique  of  optimization  is  the  Critical  Path  Method 
(CPM)  [21,  33,  76].  If  one  wants  to  apply  this  approach  to  the  detection 
end  servicing  of  traffic  incldants,  the  activity  model  has  to  be  transformed 
into  CPM  network  and  the  detail  of  representation  of  the  real  world  has  to 
be  reduced.  The  number  of  events  and  activities  is  of  little  Influence  to 
CPM,  but  the  stochastic  properties  of  the  incidents  and  activities  cannot 
be  handled  by  CPM.  CPM  should  therefore  only  be  considered  for  a  preliminary 
analysis,  because  the  stochastic  property  is  one  of  the  main  features  of 
the  occurence  and  servicing  of  traffic  Incidents.  The  distribution  of 
incidents  over  time  and  space  would  have  to  be  approximated  by  representative 
incidents  types,  using  a  mean  value  for  the  time  and  location  of  the  incident* 
on  a  studied  facility.  Similarity,  the  activities  would  have  to  be  represented 
by  the  mean  of  their  coaipletlon  time  distributions  and  by  corresponding  cu»t  i. 

A  reduction  of  the  activity  model  to  a  CPM  network  is  presented  in 
Plgure  12.  Bach  link  between  the  events  represents  an  activity  and  it  is 
characterised  by  the  average  completion  time,  t^  ,  the  crash  time,  t"  , 
and  the  cost  of  shortening  the  activity  duration  from  cij  t0  *ij  •  ci«  ‘ 
Using  the  time  dependent  approximate  cost  functions  for  each  activity,  the 
CPM  can  be  the  tool  to  evaluate  different  detection  and  service  systems  with 
respect  to  their  total  cost  and  the  einlmum  overall  response  time,  T  .  On'/ 
major  phases  of  the  system  are  represented,  however  a  more  detailed  network 
can  be  anticipated,  if  sufficient  data  are  available. 

A  qualitative  time  dependent  cost  function  for  the  activity  “detection" 
la  shown  in  Plgure  13.  The  crash  time  in  this  ease  would  correspond  to 
the  shortest  reasonable  patrol  headway  or  emergency  telephone  spacing.  The 
CPM  formulation  in  Figure  12  eonalderea  two  goals,  which  one  wants  to  achieve. 
Because  the  CPM  allows  only  one  final  completion  time,  the  analysis  of  goal 
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completion  time  (min.) 


nGUKE  13:  LINEAR  APPROXIMATION  OP  THE  TIME  DEPENDENT  COST 
FUNCTION  FOR  THE  ACTIVITY  DETECTION 


FIGURE  U:  TOTAL  DIRECT  COST  PLOTTED  AGAINST  TOTAL  C0MPLFT10N  TIME 
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om,  (daily,  ninlaun  blockage  tiaa,  T^)  would  have  to  ba  analytad  aaparataly 
Item  goal  two  (probability  of  aurvlval,  alnlaum  arrival  tloa  at  tha 
hoapltal,  Tj)  . 

Xn  Flgura  ldt  tha  total  coaiplotlon  claa  ta  plottad  agalnat  tha 
total  coat,  raqulrad  to  complete  all  actlvltlaa.  Tha  curva  shrvs,  that  for 
a  car  tain  cooplatlon  tloa,  Tfi  ,  tha  coat  can  no  aora  ba  raducad  for  a  given 
datactlon  and  aarvlca  ayataa.  Xn  thla  praaantatlon  only  tha  dlract  coata 
ara  nantiooad,  bat  tha  lndlract  and  utility  coata  can  alao  ba  lncorporatad 
Into  tha  CM  approach. 

Tha  GPM  night  ba  uaaful  for  a  prallalnary  analyala  of  thla  ayataa.  For 
thla  atudy  the  approach  la  dismissed,  bacauae  tha  atochaatlc  proper  tiaa  of 
tha  actlvltlaa  would  have  to  ba  naglacted. 

Consideration  was  glvan  to  tha  Project  Evaluation  and  Review  Technique 
(PERT)  which  la  specifically  designed  to  cope  with  tha  atochaatlc  properties 
of  tha  actlvltlaa  to  ba  analysed  (32,  75].  A  similar  formulation  as  tha 
one  given  for  CM  would  be  possible,  but  In  tha  fraaework  of  a  coat  effective¬ 
ness  analysis  PERT  has  tha  disadvantage  chat  no  coata  ara  Included  In  tha 
technique. 


CHAPTER  3 


REDUCTION  OF  THE  ANALYSIS 

The  example  given  In  Subsoctlon  2.4.3  ehowa  that  the  activity  model  Is 
very  flexible  to  various  types  of  consequences  of  an  anticipated  Incident. 

Xt  Is,  therefore,  possible  to  simulate  nuaerious  situations  as  long  as 
sufficient  details  are  specified.  One  therefore  has  to  decide,  what  aspects 
of  the  emergency  service  system  can  be  analyzed  with  the  amount  of  Information 
and  data  available. 

Several  measurements  can  be  assigned  to  the  links  connecting  the  events. 
Since  the  objectives  are  related  to  the  reduction  of  the  completion  time  of 
the  activities,  the  measurement  assigned  to  the  links  was  also  time.  Other 
measurements  which  could  be  assigned  to  the  arcs  would  be  costs  In  Dollars 
and  possibly  a  weighing  factor  which  would  stress  the  Importance  of  certain 
more  critical  services,  like  the  medical  treatment  over  less  critical  ones, 
like  mechanical  services. 

The  completion  time  for  most  activities  is  a  random  variable  whose  dis¬ 
tribution  has  to  be  known  before  it  can  be  Incorporated  into  the  model.  The 
coot  estimates  for  the  activities  should  then  be  related  to  the  expectation 
and  variance  of  these  distributions.  This  means  for  each  of  the  121  links, 
a  model  would  heve  to  be  designed  which  would  reasonably  represent  the  real 
world  as  measured  In  cost  and  completion  tine.  Because  this  Is  beyond  th* 
scope  of  this  study,  the  activity  model  wiil  be  reduced  to  a  modified  model 
with  less  detail  of  representation.  In  this  chapter  some  explanation  will 
be  given  as  to  how  the  initial,  more  comprehensive  model  was  modified. 

Itl-JAglM*!? 

In  the  course  of  the  further  analysis  only  incidents  will  be  Investigated, 
which  occur  on  a  specific  location  during  a  limited  period  of  time,  and  which 
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require  service  and  are  capacity  reducing  in  their  effects.  A  justification 
for  this  simplification  will  be  given  in  the  following  subsections. 

3.1.1  Type  of  Incident 

The  Initial  model  can  cope  with  all  types  of  incidents  occuring  along 
the  highway.  However  it  is  questionable,  if  one  wants  to  analyze  or  serve 
all  possible  incidents.  Figure  1  indicates  that  40  to  60%  of  the  stoppages 
of  vehicles  on  the  roadway  may  not  require  any  service.  As  long  as  these 
stoppages  occur  on  the  shoulder,  not  seriously  affecting  the  traffic  flow, 
the  incidents  are  less  critical.  But  it  is  desirable  to  detect  all  stops, 
because  any  one  could  need  service.  However,  to  respond  to  all  stops  without 
evaluating  the  service  need  would  reduce  the  effectiveness  of  the  service 
system.  The  policy  to  service  incidents,  maintained  by  the  Emergency  Patrol 
Vehicles  on  the  Chicago  Metropolitan  Expressway  network,  reflects  this  problem. 
The  patrol  vehicles  pass  by  a  car  which  has  stopped  on  the  shoulder,  and  only 
If  the  motorist  asks  for  help  or  If  the  car  is  still  there  when  they  pass 
for  the  second  time,  the  vehicles  stop  to  offer  service  [100]. 

The  stop-duration  is  an  indicator  for  the  need  of  service  and  it  la 
suggested  to  neglect  all  stops  shorter  than  a  certain  critical  time,  t£ 
and  those  incidents  where  the  motorists  help  themselves.  The  evaluation  of 
service  systems  should  therefore  be  limited  to  the  incidents,  (1)  which  have 
a  stop-duration  greater  than  the  critical  duration,  tfi  and  (2)  those 
which  obstruct  the  traffic  flow,  reducing  the  level  of  service  of  the  facility. 

One  type  of  stop,  classified  as  "need  for  information,"  requires  special 
attention.  The  evaluation  of  emergency  telephone  calls  show  that  there  is 
a  definite  demand  for  Information  by  the  motorist.  As  a  pilot  study  of  a 
motorist  aid  phone  in  Chicago  showed  up  to  62%  of  the  calls  were  connected 
with  information  (40).  For  this  study,  however,  the  provision  of  informa¬ 


tion  will  have  to  be  considered  as  additional. 
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3.1.2  Incidents  in  Time  and  Space 

The  evaluation  of  detection  and  service  systems  Is  highly  dependent  on 
the  time  and  location  of  the  occurance  of  an  incident  [24].  The  probability 
of  an  incident,  I  ,  occuring  In  the  space  (x,y)  at  time  (t)  could  be 
represented  through  the  joint  distribution  function: 

x  y  t 

(1)  fjtx.y.t)  -  J  dx*  J  dy»  J  dt'fjU'.y'.f)  . 

Dependent  on  this  distribution  of  three  random  variables,  a  response  system 
has  to  ba  daalgnad  and  thereafter  evaluated.  But  the  function  F(x,y,t) 
is  largely  unknown  and  different  for  certain  demographlcal  and  geographical 
arose  and  corresponding  highway  network  configurations.  To  be  able  to 
evaluate  the  different  service  components,  this  distribution  function  has 
atlll  to  be  etratlfied  Into  the  different  incident  types.  Even  with  the 
knowledge  of  thle  function  an  analysis  of  the  response  system  Is  highly 
affected  through  the  design  of  the  highway  In  the  (x,y)  space  and  the  dis¬ 
tribution  of  the  traffic  deaumd  over  the  tine  of  the  day  (t)  .  To  provide 
a  general  solution  to  the  problea  is  beyond  the  scope  of  this  study  end  It 
will  be  necessary  to  Halt  the  space  (x,t)  to  a  unique  area,  possibly  to 
a  linear  space  (x)  ;  i.e.,  a  stretch  of  freeway  and  to  consider  only  a 
Halted  period  of  ties,  like  a  day  or  a  week. 


-  At  4  0.  Hil  iw 


The  aatrlx  of  events  of  the  activity  aodel  gives  an  aaount  of  detail, 
which  appears  to  be  desirable,  but  which  Is  at  ths  present  tlae  not  feasible 
because  data  on  cose  and  duration  of  the  activities  are  not  readily  available 
In  this  detail.  The  aodel  Is,  therefore,  eodlfled  (1)  by  reducing  its 
site  and  (2)  by  ellalnating  certain  activities  due  to  unavailable  data.  This 
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will  b«  achieved  by  reducing  the  number  of  components  represented  In  the 
model  end  by  combining  some  sequences  of  events  to  fever  events. 

The  components  "ambulance"  end  "hospital"  repiosont  distinct  subsystem* 
of  the  model,  because  they  are  only  activated  If  «  medical  emergency  arises. 

In  s  similar  way,  the  components  "wrecker"  and  "fire"  ere  unique  In  their 
services,  beesume  they  sre  only  requested  respectively  for  removing  very 
hesvy  loads  and  to  extlnqulsh  fires. 

The  following  sections  will  give  reasons  why  these  four  Important  com¬ 
ponents  were  separated  from  the  evaluation  process  end  subsequently  will 
not  be  considered  further. 

3.2.1  Emeraency  Medical  System 

The  eewrgency  medical  system  Is  represented  in  the  sctlvlty  model 
through  the  entitles  "ambulance"  and  "hospital."  It  was  proposed  to  evaluate 
the  performance  of  this  system  on  the  basis  of  the  survival  probability 
of  the  injured. 

•  But  wtll  now  no  appropriate  survival  probability  model  has  been  developed 
(23,  S3,  102).  A  qualitative  fora  of  a  survival  probability  model  Is  given 
in  (102).  It  shows  the  probability  of  survival  as  a  function  of  the  delay 
time  before  medical  treatment.  This  time  Includes  the  detection  tin*  and 
tha  transit  time  required  to  get  aid  to  the  injured  persons.  The  model  is 
graphically  shown  in  Figure  13.  Recent  sttaapts  to  build  a  survival 
probability  model  for  traffic  accidents  failed  because  of  Insufficient 
data  (23).  In  an  attempt  to  extent  this  work,  data  from  the  esMrgency 
recorda  of  the  llghland  General  Hospital  In  Oakland  (jg)  were  examined  and 
the  following  conclusions  were  derived  from  this  analysis. 

In  constructing  such  a  model  on*  has  to  realize  that  for  only  a  portion 
of  the  Injuries  the  survival  of  the  victim  depends  on  the  time.  Also  the 
same  type  of  Injury  can  still  have  different  effects,  depending  on  the 


Probability  of  Survival 


vice  la  and  hla  past  health  record.  Another  al|nlflcant  factor  la  the  type 
of  treatment  which  the  vlctla  receives .  Thla  night  be  either  flrat  aid  at 
the  scene  of  the  accident  of  aedlcal  treataent  In  the  emergency  department 
of  a  hospital  (188,  189,  194,  195 J .  The  fact  that  the  aore  severe  the 
injury  Is,  the  faster  the  service  usually  arrives  also  complicates  the  analysis. 

One  has  to  bs  aware  of  the  above  variables,  If  one  studies  data  of 
emergency  medical  systems.  It  appears  therefore  to  be  necessary  to  trace 
Individual  cases  from  the  scene  of  the  accident  to  the  final  medical  treat¬ 
ment,  keeping  track  of  these  variables  If  one  wants  to  draw  realistic 
conclusions  from  the  data. 

The  first  objective  of  this  analysis  was  to  select  those  cases  where 
the  tine  elapsing  between  the  occurrence  of  the  accident  and  the  arrival  of 
the  Injured  victims  at  the  hospital  was  of  any  influence  on  the  recovery 
of  the  victims. 

238  patients  were  hospitalised  during  the  year  of  1966  under  the 
International  Classification  of  Disease  Code  E  82S  (load  Vehicle  Accident) 

(12£).  From  the  records,  which  give  detailed  Information  on  type  and  time 
of  medical  treataent  of  the  patients,  the  seriously  Injured  nonfatal  cases 
end  the  nonlnatantaneous  fatal  cases  were  selected.  These  were  presented  to 
a  qualified  physician,  who  la  In  charge  of  the  emergency  department,  for 
hla  final  personal  appraisal  (11).  Hereby  the  cases  were  further  subdivided 
by  the  following  characteristics: 

For  nonfatal  victims: 

(1)  tine  was  of  no  influence  (within  2  hours), 

(2)  the  vlctla  would  have  died,  if  It  was  brought  to  the  hospital 
thirty  minutes  later. 


For  fatal  victims : 


(1)  time  was  of  no  influence, 

(2)  the  life  of  the  victim  could  have  been  saved,  if  he  would 
have  been  brought  to  the  emergency  department  thirty  minutes 

earlier. 

A  breakdown  of  the  results  is  given  in  Figure  16. 

The  table  shows,  that  in  about  27.  of  all  hospitalized  victims,  time 
was  of  critical  influence  to  the  injured.  About  1.5%  of  the  hospitalized 
nonfatal  cases  sight  have  been  fatal,  if  they  might  have  arrived  up  to  30 
minutes  later.  While  about  10%  of  the  fatalities  could  have  been  saved,  if 
they  would  have  arrived  up  to  30  minutes  earlier  than  they  did.  While  the 
■ample  alee  is  too  small  to  draw  any  definite  conclusions,  the  results  show 
at  least  that  a  very  large  sample  of  emergency  records  has  to  be  analyzed 
to  create  a  data  base  for  the  development  of  a  survival  probability  model. 

It  has  to  be  considered  that  the  outcome  of  this  kind  of  analysis  is  also 
dependent  on  the  individual  judgement  of  the  physician  who  reviews  the 
emergency  records.  Another  Important  factor  that  influences  the  survival 
of  the  victim  ia  the  on-site  treatment  or  the  treatment  during  the  transport¬ 
ation  to  the  hospital  and,  unfortunately,  the  data  was  not  available. 

Itr  therefore,  must  be  concluded  that  the  development  of  a  survival 
probability  model  will  require  more  data  and  analysis  than  is  available  in 
this  study.  But  the  results  from  several  current  demonstration  projects 
sad  research  contracts  sponsored  presently  by  the  Department  of  Transportation, 
may  put  memm  light  on  these  problems  [115,  116,  127]. 

The  feet  that  no  relation  between  the  combined  detection  and  service 
ties  and  the  probability  of  survival  has  been  established,  excludes  the 
possibility  to  evaluate  the  emergency  medical  system  with  the  goal  of 
maximising  the  probability  of  survival.  While  other  measures  of  effectiveness 
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total  number  of  victims  hospitalized 


219(92%  of  238) 

19(8%  of  238) 

nonfatal 

fatal 

216(98.6%  of  219) 


other  cases 


3(1.4%  ot  219) 

2(10.5%  of  19) 

cases,  which 

cases,  which 

could  have  been 
fatal,  if  treated 
up  to  30  minutes 
later 

could  have  been 
saved,  if  treated 
30  minutes 
earlier 

16(89.5%  of  19) 


other  cases 


5(2.1%  of  238) 

cases,  in  which  time 
was  vital  to  the  victim 


FIGURE  16:  INFLUENCE  OF  TIME  ON  THE  SURVIVAL 
OF  ACCIDENT  VICTIMS 
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could  be  used,  the  analysis  of  the*  Emergency  Medical  System,  s t  111  is  too 
complex  to  be  included  in  this  study.  Too  little  is  known  about  the 
completion  times  and  corresponding  costs  of  most  medical  activities. 

3.2.2  Wrecker  and  Fire  Rescue  Squad  System 

Fire  is  the  cause  of  about  one  percent  or  less  of  all  stoppages  on 
highways  as  Figure  1  shows.  Most  service  vehicles  are  equipped  with  water 
or  fire  extinguishing  chemicals  so  that  small  fires  can  be  fought  [87,  96]. 
The  fi  re  rescue  squad,  therefore,  has  to  be  called  for  large  fires  only  for 
which  the  probability  is  even  smaller. 

A  similar  situation  arises  for  the  service  of  the  wrecker.  In  the  case 
that  very  heavy  vehicles  or  debris  are  blocking  the  roadway,  only  a  wrecker 
can  clear  the  road.  But  the  probability  of  these  types  of  blockages  is 
relatively  small,  too.  The  wrecker  service  is  a  very  critical  component  of 
the  system,  because  only  a  few  wreckers  are  stationed  in  most  regions.  The 
wrecker  arrives,  therefore,  in  most  cases  very  late  at  the  scene  of  the 
incident,  which  is  cricial  to  the  blockage  time  and  the  resulting  delays  to 
the  motorists. 

Both  components,  "fire"  and  "wrecker"  have  the  same  characteristics, 
namely,  chat  their  service  is  needed  only  for  very  few  stoppages;  but  the 
relative  need  for  these  services  is  very  high,  if  not  equal  to  one,  because 
once  they  are  needed,  stoppages  cannot  be  resolved  without  their  service. 

Because  of  the  small  number  of  requests  for  the  components  "fire"  and 
"wrecker"  their  influence  on  the  overall  evaluation  of  the  detection  and 
service  system  would  generally  be  small.  This  fact  and  the  complexity  of 
the  data  collection  and  the  subsequent  model  development  are  the  reasons 
why  both  components  will  not  be  pursued  any  further. 

By  neglecting  these  two  components  in  the  model,  only  two  types  of 
services  remain:  the  service  of  the  police,  for  law  enforcement  and 
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accident  investigation,  and  the  assistance  of  the  service  and  tow  vehicles 
to  the  stranded  motorist. 

3.2.3  Reduction  of  Activities  and  Events 

In  the  framework  of  this  study  it  is  necessary  not  only  to  reduce  the 
number  of  components  analyzed,  but  also  the  number  of  activities  and  events 
considered.  This  will  reduce  the  complexity  of  the  analysis  and  make  the 
analysis  possible,  because  data  on  the  cost  and  completion  times  are  available 
in  this  detail. 

The  following  cycle  of  activities  and  events  will  be  considered  for 
each  service  component  responding  to  an  incident: 


ARRIVE  AT  SERVICE 


travel  to  incident 

REQUEST  ARRIVE 


FIGURE  17:  CYCLE  OF  DETECTION  AND  SERVICE  ACTIVITIES 


This  cycle  of  events  can  be  short  cut,  if  a  detection/service  unit  passes 
the  incident,  so  that  it  arrives  at  the  scene  of  the  incident  at  the  same 
time  it  detects  the  incident.  In  this  case  a  request  for  other  service 
might  come  from  the  scene  of  the  incident.  Similarly,  if  the  service  unit 
arrives  at  the  scene  and  no  service  is  necessary,  the  unit  returns  directly 
to  its  post  again. 

The  cycle  consists  of  four  activities  and  five  events.  One  might 
consider  the  time  interval  between  the  events  "re-available"  and  "occur" 
as  an  additional  activity  as,  for  example,  waiting  for  assignment.  But  in 
this  analysis  one  is  only  interested  in  the  fact  that  the  unit  has  returned 
and  is  available  for  reassignment.  If  it  is  not  available,  the  waiting  for 
a  service  unit  results  in  a  queueing  process,  which  will  be  described  in 
detail  later  in  Subsection  5. 1.3.2.  Other  events  or  activities  will  not 
be  considered  in  this  analysis. 

3.3  ACTIVITY  SYSTEM  FOR  DETAILED  ANALYSIS 

•  Having  reduced  the  number  of  service  components  as  well  as  the  events 
and  activities  as  described  in  the  previous  subsection,  the  modified 
activity  model,  given  in  Figure  18,  remains  from  the  original  activity  mode 
shown  in  Figure  9  and  10.  There  are  two  components,  the  police  and  the 
mechanical  service.  Their  tasks  are  represented  by  17  activities  and  12 


events. 
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ACTIVITIES  OF  THE  MODIFIED  ACTIVITY  MODEL  FOR  DETECTING 

NO  FREEWAY  INCIDENTS 


CHAPTER  4 
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MODEL  ADJUSTMENT  DUE  TO  APPLICATION 

The  model  for  analyzing  alternative  emergency  service  systems  can 
be  applied  to  various  types  of  highway  facilities  and  various  traffic 
flow  patterns  on  it.  But  to  limit  the  analysis,  the  model  will  be  applied 
to  a  linear  freeway  with  basically  uniform  flow  along  its  length.  As 
a  basis  of  data  collection  and  for  a  later  application  of  the  model, 
the  San  Franc isco-Oakland  Bay  Bridge  (SFOBB)  was  selected.  A  description 
of  the  operation  of  the  emergency  service  system  along  that  bridge  is  given 
in  the  following  section. 

The  second  and  third  section  of  the  chapter  are  devoted  to  the  location 
and  the  emergency  service  systems,  which  were  selected  for  the  detailed 
analysis . 

4.1  EMERGENCY  SERVICE  SYSTEM  ON  THE  SAN  FRANC ISCO-OAKLAND  BAY  BRIDGE 

4.1.1  The  San  Fra^c isco-Oakland  Bay  Bridge 

WThe  SFOBB  connects  the  San  Francisco  Peninsula  with  the  East  Bay 
area  via  the  Yerba  Buena  Island  (see  Figure  19).  The  bridge  is  a  toll 
facility  and  is  owned  by  San  Francisco  Bay  Toll  Division.  The  toll  is 
collected  at  the  East  end  of  the  bridge  at  the  Toll  Plaza,  where  the  10 
lanes  of  the  bridge  expand  to  34  toll  gates.  It  is  a  double  deck  structure 
with  5  lanes  per  deck  in  each  direction.  The  Bridge  and  its  approaches 
are  about  8.5  miles  long,  while  the  actual  bridge  (from  now  on  just  called 
the  Bridge)  with  5  lanes  per  direction  extends  about  5  miles.  There  are 
basically  no  shoulders  on  the  Bridge,  except  for  some  stretches  on  curves 
and  at  the  ramps  on  the  Yerba  Bu'na  Island  [123] 
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The  Bridge  carries  a  heavy  traffic  load,  including  a  large  number 
of  commuters  to  and  from  San  Francisco.  A  distribution  to  the  traffic 
over  time  of  day  is  given  in  Figure  20  for  Tuesday,  October  8,  1968 
(63).  On  that  day,  158,000  vehicles  crossed  the  Bridge. 

4.1.2  Description  of  F.mergency  Services  on  the  SFOBB 

Several  detection  and  service  systems  are  used  on  the  Bridge  by 
the  California  Bay  Toll  Division.  This  subsection  describes  the  basic 
system. 

4. 1.2.1  Detection 

Incidents  on  the  Bridge  are  detected  in  several  ways.  The  basic 
detection  subsystem  is  a  series  of  call  boxes  spaced  at  about  600  feet, 
with  two  push  buttons,  one  for  "service"  and  one  for  "fire."  The  call 
box  signals  are  monitored  at  the  dispatchers  office  of  the  tow  and  service 
vehicles.  In  addition,  service  vehicles  of  the  SFOBB  patrol  the  Bridge 
during  peak  hours  in  a  pattern  as  shown  in  Figure  21.  The  California 
Highway  Patrol  has  divided  the  Bridge  into  four  linear  beats,  which  are 
shown  in  Figures  6  and  21. 

A  distribution  of  the  origins  of  service  requests  is  given  in  Figure 
22.  It  can  be  seen  that  a  large  percentage  of  requests  originates  from 
the  toll  collectors  and  the  toll  sargent.  These  requests  result  either 
from  cooperative  motorists,  wno  report  incidents  which  they  passed,  or 
from  observers  of  an  incident  at  the  Toll  Plaza.  For  the  5  lane  section  oi  t  e 
Brldge  it  can  be  seen  that  about  50Z  of  the  requests  come  from  the  call 
boxes,  while  the  rest  are  reported  from  the  passing  police  and  from  SFOBr 
owned  vehicles.  There  is  little  difference  in  the  figures,  if  one 
differentiates  between  the  peak  and  off  peak  hours,  except  that  the 
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detection  via  SFOBB  vehicles  increases  during  the  peak  hours  due  to  the 
service  vehicle  patrols. 

4. 1.2. 2  Service 

Services  to  the  motorist  are  rendered  by  the  Bay  Toll  Division's 
service  and  tow  vehicles,  the  wreckers  and  the  fire  truck.  These  vehicles 
are  dispatched  by  a  dispatcher  located  at  the  Toll  Plara.  Two-way  radio 
communication  between  the  dispatcher  and  all  SFOBB  vehicles  guarantees 
fast  and  clear  coamunlcatlon  between  the  personnel.  In  addition  to  the 
already  mentioned  patrolling  service  vehicles,  tow  trucks  are  stationed 
at  3  posts  along  the  bridge  and  a  fire  truck  is  positioned  at  the  Ycrba 
Buena  Island.  Figure  21  gives  the  details  about  their  number  and  location 
during  the  different  work  shifts.  The  dispatcher  tries  to  have  at  least 
one  vehicle  stationed  at  each  post  so  that  if,  for  example,  the  two  trucks 
on  the  Yerba  Buena  Island  are  dispatched,  he  orders  one  of  the  two  vehicles 
stationed  at  the  Toll  Plaza  to  the  Island.  While  the  service  vehicles 
provide  basically  minor  services  (gasoline,  water,  tire  change,  etc.) 
the  tow  trucks  provide  major  mechanical  services  and  tow  disabled  vehicles 
out  of  the  SFOBB  area.  Figure  23  gives  a  tabulation  of  the  different 
types  of  services  rendered  by  the  SFOBB  vehicles  (93). 

If  the  services  of  the  police  are  necessary,  the  dispatcher  has  a 
direct  line  to  the  police  communication  center  from  where  the  police  unit, 
assigned  to  the  beat  in  which  the  incident  occurred, is  dispatched.  A 
police  officer  was  present  in  about  12%  of  the  incidents.  This  figure 
does  not  really  reflect  the  service  need  for  police,  since  It  also  Includes 
incidents  which  were  detected  by  the  police  patrol. 
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Origin  of  Request 

Bay 

Bridge 

and  Approaches 

A 

Section  of  Bay  Bridge, 
where  Call  Boxes  are 
spaced  '  600  ft. 

B 

Incidents 

Accidents 

Incidents 

Accidents 

Off 

Peak 

Peak 

Hours 

All 

Off 

Peak 

Peak 

Hours 

All 

Call  Box 

23 

23 

23 

38 

49 

52 

51 

50 

SFOBB  Vehicle 

(  ♦) 

17 

25 

21 

25 

25 

31 

28 

27 

Police  Patrol 

(++) 

19 

19 

19 

25 

22 

13 

17 

19 

Toll  Sargent 

32 

26 

29 

8 

- 

- 

- 

- 

Other  (+++) 

9 

6 

8 

4 

4 

4 

4 

4 

Total  Number 

(Sample) 

156 

132 

288 

218 

68 

64 

132 

161 

(+  service  vehicles,  service  patrols,  other  SFOBB  vehicles  with  two  way 
communication) 

(++  California  Highway  Patrol) 

(+++  Patron,  dispatcher,  phone  calls;  for  B  also  toll  sargent  (passing  motorist)) 

(Incidents  during  weekdays,  Oct.  7-11,  1968;  Accidents  during  Sept.,  Oct., 

Nov.,  1968). 

(Data  courtesy  of  SFOBB,  California  Bay  Toll  Crossings,  [93]) 


FICOTE  22:  ORIGIN  OF  REQUEST  FOR  SERVICE  SAN  FRANCISCO  - 
OAKLAND  BAY  BRIDGE 

(Per  Cent  of  Total  Number  of  Requests  per  Column) 


59 


Type  of  Service 
or  Incident 

Number  of 
Dispatches 
in  the 

Year  1967 

Per  Cent 
of  Total 
Services 

Per  Cent 
of  Total 

Average 
Service 
Time 
(min . ) 

Range 
(min. ) 

Vehicles  Towed  (+) 

7,339 

38.0 

34.8 

9 

3-17 

Miscellaneous  Services 

6,493 

33.6 

30.9 

- 

-  — 

Gasoline,  Diesel  Fuel 
Supp3  ic'd 

3,093 

16.0 

14.6 

10 

6-20 

Tire  Changes 

2,337 

12.1 

11.1 

10 

6-14 

Fire 

53 

.3 

.3 

- 

-  -  - 

Total  Vehi  les  Serviced 

19,315 

100.0 

False  Alarms 

1,109 

5.3 

No  Services  Requested 

667 

3.2 

Total 

21,091 

100.0 

Maintenance  Services 

i 

678 

Total  Dispatches 

21,769 

Average  Number  of 
Vehicles  Serviced 
per  Day  53 

Number  of  Vehicles 
Crossing  the  Bridge 
per  Vehicle  Serviced  2,854 


(+  mechanical  trouble,  no  spare  tire,  accidents,  etc.) 


FIGURE  23:  ROAD  SIDE  SERVICES  AND  ON-SITE  SERVICE  DURATIONS 
SAN  FRANCISCO  -  OAKLAND  BAY  BRIDGE  AND  APPROACHES 
FOR  THE  YEAR  1967  (Source  -  [93 ] ) 
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In  case  of  injuries  or  the  need  of  an  ambulance,  the  police  communication 
center  is  contacted  and  an  ambulance  is  ordered  from  either  the  city 
of  San  Francisco  or  Oakland. 

4.1.3  Data  Base  for  Incidents  and  Emergency  Service  Operation  on  the  SFOP.B 

The  Bay  Toll  Division  keeps  an  excellent  record  of  all  incidents  and 
the  services  rendered  to  the  motorists  and  their  disabled  vehicles.  This 
information  is  collected  by  the  dispatcher. 

For  every  incident  an  entry  is  made  in  the  "dispatcher's  log,"  giving 
the  location  and  time  of  the  incident,  the  source  of  request,  the  type  of 
service  rendered;  and  the  completion  times  for  the  activities  "dispatch," 
"travel  to  scene,"  "on-site  service,"  "towing,"  and  "return  time"  of  a 
service  unit  to  its  original  post.  Data  on  incidents  were  analyzed  for 
5  weekdays  (October  7-11,  1968),  while  accident  data  were  analyzed  for 
a  3  month  period  (September,  October  and  November,  1968).  [93].  A  sumr  i :y 
of  the  analysis  of  the  data  is  given  in  the  following  sections. 

4. 1.5.1  Distribution  of  Incidents  Over  Time  and  Space 

The  location  of  incidents  is  identified  by  the  number  of  the  call  box 
which  is  closest  to  the  incident.  Figure  24  gives  the  distribution  of 
incidents  and  accidents  over  the  Bridge  and  its  approaches  by  direction. 
Although  the  sample  size  is  limited  (290  incidents  and  218  accidents), 
except  for  the  high  frequency  of  incidents  at  the  Toll  Plaza,  no  location 
appears  unique.  There  are  some  accumulations  of  incidents  and  accidents 
at  the  ramps  to  and  from  the  Bridge,  but  these  are  also  the  locations 
where  shoulders  exist.  For  the  other  sections  of  the  bridge  it  appears 
that  there  is  a  uniform  distribution  of  incidents  and  accidents. 


Accidents  (Sept.  Oct.  Nov.  1968) 


SCO  -  OAKLAND  BAY  BRIDGE 


INCIDENTS  OCL  7-11, ’*• 


Ofc.1t 


Bay  Bridge  and 
Approaches 
-  8.00  miles  - 

Section 
with  5 

,  of  Bay  Bridge 
lanes,  no  shoulders 
5.25  miles  - 

Direction 

both 

both 

West 

East 

Sample  size  N 

290 

134 

71 

63 

veh.se r  /iced /day 

58 

26.8 

14.2 

12.6 

inc. /day /mile 

7.2 

5.1 

2.7 

2.4 

inc. /hour/mile 

.30 

.21 

.11 

.10 

hour/inc./mile 

3.3 

4.77 

9.10 

10.0 

inc. /hour/section 

2.42 

1.11 

.59 

.52 

min. /inc. /section 

25. 

54. 

102. 

116. 

veh. crossing 
bridge/inc. 

2730 

5900 

5570 

6280 

• 

veh.miles/inc. 

21820 

31000 

29200 

32900 

FIGURE  26:  FREQUENCY  OF  INCIDENTS  PER  TIME  AND  PER  DT  STANCE 
OB  THE  SAN  FRANCISCO  -  OAKLAND  BAY  BRIDGE 

(Oct.  7-11,  1968) 
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The  distribution  of  the  incidents  over  time  of  day  is  given  in  Figure 
25.  They  are  shown  for  the  5  lane  section  for  the  five  weekdays  in 
relation  to  the  actual  traffic  flow  on  Tuesday,  October  8,  1968.  Most 
incidents  occur  during  the  time  of  high  traffic  flow  rates.  The  frequency 
of  incidents  per  time  and  distance  is  presented  tn  Figure  26.  There  is 
a  significant  difference  for  these  frequencies  on  the  Bay  Bridge  and 
Approaches,  and  for  those  on  the  Bridge  only.  The  difference  results 
from  the  fact  that  there  are  no  shoulders  on  the  bridge,  so  that  one  can 
assume  that  the  incidents  on  the  Bridge  are  only  emergency  stops. 

4.1. 3.2  Operation  and  Characteristics  of  Emergency  Services  on  the  SFOBB 

The  operation  of  the  emergency  services  on  the  SFOBB  is  reflected  in 
the  completion  times  for  the  major  activities  reported  in  the  dispatcher's 
log.  An  analysis  of  the  activity  completion  times  is  presented  in  Figures 
27  through  32  for  incidents  and  accidents. 

The  frequency  diagrams  for  1  min.  time  intervals  show  basically 
similar  distributions  for  the  same  activities  for  incidents  and  accidents, 
except  that  the  means  and  variances  are  larger  for  accidents. 

The  arrival  time  at  the  3cene  of  an  incident  has  a  mean  of  3.7  min. 
and  a  standard  deviation  of  3.2  min.  In  Figure  29  the  arrival  times  are 
stratified  by  the  type  of  dispatch.  The  figure  shows  that  the  high 
frequency  of  arrival  times  in  the  class  0  to  .5  min.  results  from  the 
dispatch  of  patrolling  vehicles,  or  from  the  dispatch  of  service  vehicles 
directly  from  one  incident  to  another.  The  arrival  times  for  vehicles 
dispatched  from  posts  are  longer.  The  return  time  of  the  service 
vehicles  from  an  incident  to  the  original  post  is  generally  longer  than 
the  arrival  time.  This  results  from  the  "directional  strategy"  of  dispatch 


FIGURE  27:  DISTRIBUTION  OF  VARIOUS  COMPLETION  TIMES  FOR  SERVICE  ACTIVITIES 
ON  THE  SAN  FRANCISCO  -  OAKLAND  BAY  BRIDGE 

Incidents  reported  during  the  five  weekdays  October  7-11,  1968 


frequency  f(t  )  frequency  f(t  )  frequency  f(t  )  frequency  f(t 


b6 


FIGURE  28:  DISTRIBUTION  OF  COMPLETION  TIMES  FOR  VARIOUS  SERVICE  ACTIVITIES 
On  THE  SAN  FRANCISCO  -  OAKLAND  BAY  BRIDGE 


Accidents  reported  during  the  three  nonths  Sept .Oct .Nov.  1968 
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FIGURE  31:  DISTRIBUTION  OF  CYCLE  TIME  OF  SETVICL  VEHICLES  TO  SINGLE  INCIDENTS 
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— - ALL  INCIDENTS  Nj  -  290  ,  WEEKDAYS  OCT.  7-11,  1968 

■  -  ACCIDENTS  Na  -  218  ,  SEPT.,  OCT.,  NOV.,  1968 

(A)  TRAVEL  TO  INCIDENT  (B)  SERVICE  (C)  TOW  (D)  RETURN 

TO  GARAGE 


FIGURE  32:  RESPONSE  TIMES  TO  INCIDENTS  AND  ACCIDENTS 

SAN  FRANCISCO  -  OAKLAND  3AY  BRIDGE  SEPT.,  OCT.,  NOV.,  i°o8 
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which  is  used,  i.e.,  the  service  unit  stationed  closest  to  the  incident 
is  dispatched.  After  the  on-site  service,  the  vehicle  has  to  travel 
to  the  next  turn  around  point  to  return  to  its  original  post  which  results 
in  the  longer  trip  bark.  Figure  31  shows  the  distribution  of  the  time 
a  service  vehicle  needs  to  complete  one  cycle  in  serving  single  incidents 
on  the  Bay  Bridge  and  its  Approaches  for  1  min.  intervals.  The  grouping 
of  the  cycle  time  data  into  5  min.  classes  given  the  distribution  shown 
in  Figure  30.  if  one  includes  the  cycle  times  for  multiple  services,  the 
variance  increases  even  more  while  the  mean  is  hardly  changed. 

A  sunn.-  '•/  of  the  activity  completion  times  is  given  in  Figure  32. 

It  can  be  seen  that  the  average  blockage  time  of  the  road-way  is  13.1 

min.  for  incidents  and  _>  24.6  min.  for  accidents.  The  figures  13.1  and 

24.6  min.  exclude  the  detection  time  which  is  unknown  for  all  the  analyzed 
incidents.  The  average  on  site  service  time  is  9.4  min.  for  incidents 
and  19.5  min.  for  accidents.  The  average  cycle  time  for  the  service  units 

is  about  40  min.  for  incidents  and  1  hour  for  accidents. 

** 

4.2  LINEAR  FREEWAY 

The  activity  model  proposed  in  Chapter  2  and  3  will  be  applied  to  a 
linear  freeway.  The  SFOBB  with  its  geometrical  layout,  traffic  flow  pattern 
and  emergency  service  system  is  considered  to  be  representative  for  this 
linear  freeway  model.  However,  only  that  section  of  the  bay  crossing 
which  has  5  lanes  per  direction  will  be  considered.  This  will  omit  the 
bias  in  the  occurrenceof  incidents  which  is  introduced  by  the  high  frequency 
of  Incidents  at  the  Toll  Plaza  and  limits  the  analysis  to  the  emergency 
stops  on  the  Bridge. 

It  is  therefore  assumed  that  one  considers  a  linear  access  controlled 
freeway  of  length,  L  ,  where  incidents  occur  at  location  +  x  and  at  tine 


t  ,  see  Figure  33. 
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Turn  around  points  exist  at  both  ends  of  the  Freeway  (which  correspond 
to  the  Toll  Plaza  and  the  5th  Street  ramps  in  San  Francisco) .  For  the 
further  analysis  it  is  assumed  that  other  turn  around  points  can  be 
introduced  at  other  locations.  (A  turn  around  point  in  the  half  way  length 
would  correspond  to  the  ramps  at  the  Yerba  Buena  Island.) 

4.3  DETECTION  AND  SERVICE  SYSTEMS  ANALYZED 

The  analysis  of  alternate  detection  and  service  systems  with  respect  to 
their  cost  and  effectiveness  is  limited  to  a  group  of  systems  which  are 
commonly  accepted  and  used.  By  formulating  the  emergency  systems  in 
general  terms,  the  results  of  the  analysis  then  can  be  used  and  interpreted  for 
methods  which  are  similar  to  the  systems  investigated.  In  this  section  a 
short  description  of  these  emergency  service  systems  is  given. 

4.3.1  Detection  Subsystems 

Five  types  of  detection  systems  are  considered: 

••(a)  Discrete  Comnun icat  ion  Terminals 

(aa)  Unidirectional,  single  signal  terminals  spaced  at  a  distance, 

2,  ,  (miles)  and  connected  to  a  dispatch  center  which  can 

c 

send  men  and  equipment  to  the  scene  of  call  to  evaluate  the 
type  of  incident,  (subsystem  C).  (E.  g.,  call  boxes. 

Some  call  boxes  have  a  multiple  choice  of  signals,  like 
request  of  service  vehicles,  tow,  ambulance,  fire,  etc. 

These  types  of  call  boxes  could  possibly  be  analyzed  as 
part  of  the  following  detection  type,  ab  system,  because 
the  service  need  is  sufficiently  defined.) 

(ab)  Bidirectional,  voice  communication  terminals  spaced  at  a 

distance,  2.  ,  (miles)  and  connected  to  a  dispatch  center 

of  appropriate  service  vehicles,  (subsystem  E).  (E.g. 
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emergency  telephones.  In  this  case  it  is  assumed  that 
the  evaluation  of  the  incident  can  be  done  via  communication 
with  the  person  calling.)  Requests  from  the  call  boxes 
and  emergency  telephones  are  assumed  to  be  monitored 
by  the  dispatcher  of  mechanical  service  vehicles  (see  4.3.2). 
(b)  Patrols 

This  group  encompasses  all  patrolling  units  which  patrol  the 
freeway  with  the  intention  to  detect  incidents.  It  is  assumed 
that  all  patrol  units  have  two-way  communication  with  their 
dispatch  and  communication  center. 

(ba)  Detection  Patrols  are  motorcycles  patrolling  the  freeway 
continuously  on  beats  of  length  l  (miles)  (subsystem  F)  . 

It  is  assumed  that  these  patrols  only  detect  incidents 

on  that  side  of  the  freeway  on  which  they  travel  and  that 
they  do  not  provide  any  services.  The  travel  time  of  the 
motorcycle  patrol  is  not  dependent  on  the  prevailing 
traffic  flow  on  the  freeway. 

(bb)  Service  Patrols  are  patrol  vehicles  which  patrol  designated 
linear  beats  along  the  freeway  to  detect  and  service  incidents 
The  patrol  might  be  able  to  detect  incidents  on  both  sides 

of  the  freeway,  but  it  seldom  can  evaluate  the  service  need. 

It  is  therefore  assumed,  that  patrols  detect  incidents  only 
on  that  side  of  the  freeway  on  which  they  travel.  In  this 
study  two  types  of  service  patrols  will  be  considered. 
Patrol  A,  police  patrol  with  beat  length  l  ,  which 

cl 

provides  the  services  of  a  police  unit,  (subsystem  A); 

(be)  and  patrol  B,  mechanical  patrol  with  beat  length  ? 

which  provides  the  services  of  a  tow  and  mechanical  service 
vehicle,  (subsystem  B) . 


4.3.2  Service  Subsystems 


As  seated  in  Chapter  3,  the  service  subsystem  has  been  reduced  to 
two  service  components,  the  police  and  the  mechanical  service.  Two  types 
of  operation  of  these  service  systems  are  studied: 

(a)  Service  Patrols.  Service  patrols  are  vehicles  which  detect  and 
service  incidents  as  described  in  4.3.1.  The  operation  of  the 
police  patrol  (A),  and  the  mechanical  petrol  (B)  are  assumed 

to  be  similar. 

(b)  Stationary  Service  Units.  These  are  vehicles  stationed  at 

designated  posts.  The  police  vehicles  (subsystem  G)  are  spaced 
at  a  distance  and  the  mechanical  service  vehicles  (subsystem 

H)  are  spaced  at  th  .  The  vehicles  are  dispatched  to  Incidents 
by  their  communication  center  and  they  return  after  assignment 

to  their  original  location.  Several  assignment  or  dispatch 
patterns  are  possible  in  the  operation  [68],  but  for  this 
study  only  the  directional  dispatch  strategy  is  analyzed,  see 
Figure  33. 


4.3.3  Communication 


It  is  assumed  that  two-way  communication  is  established  with  all  patrol 
and  service  vehicles  from  their  dispatch  center,  and  that  the  two  communicatl 
and  dispatch  centers  have  a  direct  telephone  line. 

4.3.4  Candidate  Systems 


Figure  34  summarizes  the  basic  design  of  individual  detection  and 
service  subsystems.  Several  combinations  of  these  individual  subsystems 
are  possible  and  reasonable.  For  this  study  15  candidate  systems  were 
designed  where  different  detection  subsystems  were  mixed  with  either 
service  patrols  or  stationary  service  units.  Figure  35  depicts  a  matrix 


FIGURE  36:  CANDIDATE  SYSTEMS  FOR  RESPONDING  TO  FREEWAY  INCIDENTS 
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DETECTION  SUBSYSTEM 


of  the  15  candidate  systems  which  will  be  subjected  to  a  cost  and 
effectiveness  analysis  in  the  further  study. 


8 


CHAPTER  5 

APPLICATION  OF  THE  MODEL 

The  approach  outlined  in  the  schematic  model  for  a  systems  analysis 
structure  of  the  emergency  service  system  and  the  modified  activity  model, 
presented  in  Chapters  2  and  3,  will  be  applied  to  the  15  candidate  systems 
selected  in  Chapter  4.  A  detailed  description  of  the  submodels  developed 
for  this  analysis  and  the  framework  for  these  models  are  given  in  this  chapter 

The  first  section  is  devoted  to  the  description  of  the  modified  activity 
model  which  consists  of  the  four  categories  of  activities:  (1)  detection, 

(2)  travel  to  the  scene  of  incident,  (3)  on-site  service,  and  (4)  return 
travel  to  normal  position.  Mathematical  models  designed  for  the  occurrence 
of  events  and  the  four  categories  of  activities  are  described  and  discussed. 

Cost  and  effectiveness  measures  and  models  are  summarized  for  the 
detailed  analysis  in  the  second  section. 

In  the  last  section  the  simulation  routine  is  presented  which  combines 
the  submodels  of  the  activity  and  cost  and  effectiveness  models  to  the 

*l 

evaluation  process. 

5.1  DESCRIPTION  OF  THE  SUBMODELS  OF  THE  MODIFIED  ACTIVITY  MODEL 

In  this  section  a  discussion  and  description  is  given  of  the  mathematical 
models  which  are  used  to  simulate  the  occurrence  of  events  and  activities  in 
the  simulation  routine.  The  models  are  specific  to  the  15  candidate  systems 
and  to  their  location,  the  linear  freeway,  but  they  have  the  potential  to  be 
applied  to  different  locations  and  emergency  service  systems  after  some 
adaptions . 

5.1.1  Incident  Occurrence 

Traffic  incidents  and  their  characteristics  are  an  input  to  the  activity 
model.  There  are  two  approaches  to  obtain  this  information:  (1)  historical 


79 


data  from  a  representative  location  could  be  collected,  or  (2)  the  incidents 
could  be  generated  by  the  use  of  mathematical  models. 

Several  authors  have  developed  models  to  estimate  the  occurrence  of 
incidents  and,  particularly,  accidents  on  highways  [31,  102,  121].  These 
models  relate  the  incident  frequency  to  the  driver,  the  vehicle  and  the  en¬ 
vironment.  Yet  no  satisfying  relation  has  been  established,  which  would 
predict  incidents  in  space  and  time  and  which  would  justify  a  general  use. 

In  the  following  paragraphs  a  mathematical  model  for  the  prediction  of 
incidents  over  time  and  space  will  be  discussed;  and  reasons  will  be  given 
why  the  analysis  of  the  15  candidate  systems  was  based  on  a  set  of  historical 
data  from  the  San  Francisco-Oaklai.d  Bay  Bridge  for  a  period  of  five  days. 

5. 1.1.1  Occurrence  of  Incidents  as  a  Poisson  Process 

A  simple  model  for  the  occurrence  of  incidents  in  time  and  space  can  be 
built  on  the  following  assumptions: 

The  occurrence  of  incidents  at  a  given  point  on  a  freeway  is  a  Poisson 

v 

Process.  The  probability  of  a  single  incident  occurring  on  the  location 
interval  (x,x  +  dx)  during  the  time  interval  (t,t  +  dt)  is  A(x,t)dtdx  . 
A(x,t)  is  the  mean  rate  of  incidents  at  point  x  at  time  t  .  It  is  further 
assumed  that  the  occurrence  of  an  incident,  INC  at  time  t  is  independent 
of  its  location  x  ,  so  that 

(1)  PINC(x,t)  -  A (x) A (t)dxdt 

(by  neglecting  higher  order  terms). 

Assuming  an  equal  distribution  of  the  incidents  over  the  freeway  length 
L  ,  the  probability  of  the  occurrence  of  an  incident  is  equal  to 
P(INC)  -  A (t)dxdt/L  . 

For  A(t)  ■  A  the  time  interval  between  two  successive  incidents  of  the 
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Poisson  process  can  be  described  through  the  negative  exponential  distributi 


(2) 


-x(c.-t  ) 

P(H  <_  (t2  -  tx))  -  1  -  e  H  >_  0 


where  H  is  the  time  which  passes  until  the  occurrence  of  the  next  incident 


after  time  t^  .  The  expectation  of  the  random  variable,  H  is  E(H)  -  1 / * 

2 


and  its  variance  Var  (H)  -  1/X 


An  estimation  of  a  time  dependent  parameter  V  -  X(At^)  could  be 


based  on  a  functional  relationship  with  the  prevailing  rate  of  traffic  flow 
q(At^)  ,  during  certain  time  periods  At^  ,  so  that  x  -  x(At^)  »  f(q(At^)) 
However,  to  preserve  the  negative  exponential  distribution  process  of  the 


time  headways,  only  incidents  with  X(At^)  and  occurring  during  At^  ,  can 


be  considered.  If  an  Incident  generated  with  V(At^)  occurs  in  a  following 


time  interval  At^  ,  it  will  have  to  be  discarded.  The  next  incident  would 


then  have  to  be  generated  in  the  time  interval  At^  with  v(At^)  starting 


the  process  again  at  the  beginning  of  that  time  interval. 

*  The  occurrence  of  incidents,  I  over  time  (t)  and  space  (x)  would 
then  be  simulated  using  pseudo  uniform  (0,1)  random  numbers,  R  by 

*  t  * 

generating  the  time  Interval  between  incidents,  h^  from 


(3) 


hx  -  -  f  ln(l  -  Rx)  , 


so  that  the  times  of  occurrences  are  t^  ■  t^_^  +  hj  .  Correspondingly,  th» 


location  of  incident?)  would  be  determined  from 


(4) 


Xj  -  R2*L  , 


where  L  is  the  length  of  the  study  section. 

The  model  has  the  disadvantage  that  it  is  rather  crude  and  that  is 
does  not  generate  incidents  by  the  type  of  necessary  service.  For  the 


r 
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purpose  of  this  study  it  was  therefore  decided  to  use  historical  data  of 
Incident  occurrences  for  a  particular  time  period  on  the  San  Francisco- 
Oakland  Bay  Bridge. 

5. 1.1.2  Historical  Data  on  Incident  Occurrences 

Historical  da'a  of  incident  occurrences  are  available  froca  the  dispatcher's 
log  of  the  SFOBB.  As  study  period,  the  week  f rora  October  7-11,  1968  was 
selected,  because  for  October  8,  1968  detailed  data  on  the  traffic  flow  dis¬ 
tribution  over  the  tiae  of  day  existed  fron  an  earlier  study  on  this  facility 

[63J. 

The  iAcldents  are  characterised  by  the  following  parameters: 

IMCd.X.T.k.CR)  . 

1  •  oiwher  of  incidents  1  -  1 . NO 

X  •  location  on  the  f  reewav  X  ■_  L 

X  »  0  Westbound  ,  X  •  0  iastbourvd 

* 

T  •  tias  of  occurrence  in  elnutes  of  tine  of  day  0  T  ^  1440  ain. 

X  •  type  of  necessary  service 

I  -  f  -  1  pol  Ice  service  is  necessary,  P  •  0  not  necessary 
I  •  S  •  1  aochanical  service  Is  necessary ,  5  •  0  not  necessary 
K  •  T  »  1  disabled  vehicle  has  to  be  toved,  -  0  no  tow  necessary 

CX  •  percent  redtaction  of  freeway  capacity  due  to  roidc  j>  blockage 
derived  froa  the  n vaster  of  lane*  tilowrJ 

Figure  37  gives  e  plot  of  the  incident*  over  t:n«-»  f  d*>  *nj  t  r  '.enkt  of 
the  Bay  Bridge  for  October  7-11.  I**b8 


FIGURE  37:  DISTRIBUTION  OF  INCIDENTS  ON  SFOBB  FOR  THE  Wf EE  OCTOBER  7-11,  1941 
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5.1.2  Detection  Models 


The  detection  phase  of  the  post-incident  stage  has  been  analyzed  in 
several  studies  of  the  emergency  service  system.  This  is  reflected  (1)  in 
the  fact  that  models  were  developed  to  predict  the  detection  time  of  incidents 
for  certain  patrol  methods  [24,  44,  102]jand  (2)  in  the  design  of  optimal 
strategies  to  patrol  access  atrolled  highways  [89,  108]. 

The  operational  characteristics  of  some  of  the  detection  systems 
studied  are  similar,  so  that  the  same  model  with  different  parameters  can 
be  applied  to  describe  their  operation.  In  this  section  the  developed 
detection  models  are  therefore  presented  by  groups  of  similar  systems:  bi¬ 
directional  and  unidirectional  communication  terminals,  detection  and  service 
patrols. 

5. 1.2.1  Bldl  rectlonal  Communication  Terminals  (Emergency  Telephone) 

Emergency  telephones  are  spaced  at  to  'j  mile  along  urban  freeways,  and 

1  to  2  id  les  along  rural  freeways  [79].  Their  reported  usage  is  relatively 

% 

low,  because  of  their  large  spacing  and  of  the  reluctance  of  the  motorist  to 
pay  for  possible  expenses  resulting  from  using  the  phone  system.  In  this 
analysis  where  the  emergency  services  are  rendered  to  stranded  motorists 
whose  stops  are  capacity  reducing  In  their  effect  It  is  assumed  that  all 
aotorlsts  are  captive  to  use  the  phones.  In  some  cases,  e.g.,  when  the 
aotorlst  Is  Injured  and  is  not  able  to  walk  to  the  nearest  emergency  phone, 
it  Is  assessed  that  he  can  rely  on  the  passing  motorists  using  the  emergency 
phone . 

The  date  .tlon  tine  for  the  "captive”  motorist  is  then  simply  a  function 

of  the  distance  he  is  away  froe  the  closest  emergency  telephone  If  one 

considers  also  the  tine  until  the  uotorist  recover*  f roc  the  incident  and 

evaluates  his  service  needs,  t  and  the  time  to  recuest  the  service  t 

re  c 

the  detection  tlse  for  an  emergency  telephone  system  Is  the  sum  of  tsese 
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and  the  walking  time  to  the  telephone,  : 


(1) 


t  +  w  +  t 
re  e  c 


For  the  emergency  stops  on  the  Bay  Bridge  the  estimate  used  for  t  and 

t^  was  respectively  1.5  and  one  minute.  It  is  assumed  that  the  terminals 

are  spaced  at  equal  distance  i one  on  each  side  of  the  freeway.  The 

terminals  are  numbered  consecutively,  e^  *  l.e^  *  •••»  n+l  with  «  1 

at  x  ■  0  and  e  , ,  at  x  -  L  ,  see  Figure  38.  The  terminal  e  ,  which 
n+1  o 

will  be  used  by  the  motorist,  is  the  closest  one  to  the  incident: 


if  (X/t  -  .5)  <  0 


(2) 


JtL’ 


-*•  1  if  (X/le  -  .5)  > 


x'  ■  X  -  e  •  i. 

o  e 


e  •£  -  X 

o  e 


x'  or  x'  '  are  the  walking  distance  to  the  telephone.  The  walking  time 

* 

w  can  then  be  computed  from  Figure  39, 


x'  /v 


if  (x'  -1/2)  *  0  e  -  e 

e  1  o 


(3) 


(l  -  x')/v  if  (x*  -  l  /2)  v  0 

e  w  e  - 


ei+l  "  eo 


where  la  the  walking  speed  here  assumed  to  be  )  a.p.h. 

The  expectation  of  Is  for  uniformly  distributed  incidents  over 

the  length  l 


1  n 

e 


(4) 


E<“.’  •  /  v 


-  M  *  dx 

v  4v  e 

w  v 


^  st Arul%  for  truncation,  i.c.,  _ *  82 
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5. 1.2. 2  Unidirectional  Communication  Terminals  (Call  Boxes) 

The  analysis  of  the  detection  time  via  call  boxes  is  very  similar  to 
the  one  of  the  emergency  telepnones,  and  the  same  formulas  can  be  applied  by 
replacing  the  index  e  by  c  .  It  is  also  assumed  that  the  motorists  are 
captive  to  use  the  call  boxes.  But  because  only  a  single  signal  can  be 
transmitted  to  the  communication  center,  an  observer  has  to  be  dispatched 
to  the  scene  to  evaluate  the  service  need.  This  additional  time,  t  ,  is 
equal  to  the  travel  of  a  service  vehicle  to  the  scene  and  will  be  analyzed 
In  Section  5.1.2  and  5.1.6.  (It  is  assumed  that  the  communication  terminals 
are  monitored  at  the  dispatch  center  of  mechanical  service  vehicles.)  The 
detection  time  for  all  call  boxes  is,  therefore. 


(1) 


t 

re 


♦  w  +  t 

c  e 


5.1.2. 3  Detection  Patrol 

A  detection  patrol  may  consist  of  a  motorcyclist,  who  patrols  a  designated 
patrol  beat  of  length  l ^  in  a  closed  looping  fashion  with  speed  u^  .  It 
is  assumed  that  the  patrol  cruises  at  constant  speed  and  is  not  affected  by 
the  prevailing  traffic  flow.  It  patrols  only  with  :he  Intention  to  detect 
incidents,  and  not  to  provide  any  service.  A  detection  patrol  could  also  be 
represented  as  an  aerial  patrol,  e.g.,  a  helicopter.  The  two  systems  would 
then  basically  differ  only  in  the  cruising  speed.  A  model  for  the  probability 
of  detecting  stopped  vehicles  on  the  patrol  beat  can  be  based  on  the  fact 
that  the  motorcycle  continuously  petrols  the  beat  and  is,  therefore,  a 
certain  time  interval  away  from  the  incident  at  the  time  it  occurs. 

The  section  of  freeway  is  divided  into  an  integer  number  of  patrol 
beats,  ,  where  n^  ■  L/i ^  .  The  time  to  complete  one  patrol  lcop  is 
then  equal  to  the  headway  between  consecutive  patrols,  h ^  ,  or  the  passing 
of  the  same  vehicle  at  the  same  point  of  the  freeway  is 
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hf  •  2*if/vf  . 


The  patrol  frequency  (number  of  patrols  arriving  at  the  same  location  per 
time)  is  then 


Pf  -  i/h( 


"f  ‘  V2-tf 


The  probability  that  a  stop  will  be  detected  by  time  t  •  t^  is  then 


Pd(t  1  °  "  j  2^  TdT 


T  <  0 


0  1  T  i  hf 


t  >  hj  . 


A  graphical  representation  of  thl9  model  is  given  in  Figure  40.  The  detection 

«s 

time  is  then  simulated  in  a  computer,  by  using  a  random  nunber  generator, 

which  generates  pseudo  uniform  (0,1)  random  numbers,  R  .  The  random 

numbers  are  converted  to  the  appropriate  random  deviates  by  equating 

R  •  P,(t  <  t .)  ,  so  that  the  detection  time  is 
<2  —  a 


t .  -  R - 

d  v. 


The  expectation  of  the  detection  time  is  then 


E(td) 


-  j 


jTt  Tdt  -  Vvf 


0  5  10 

beat  l«ng 


r:cn»i:  ii  ma:.  detect::.  tiye  for  detection  pat 
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and  its  variance 

(6)  Var(td)  =  E^j  -  E2[td]  -  Jl*/3-v2  . 

The  detection  patrol  does  not  detect  short  time  stops  which  are  shorter 
than  the  detection  time,  td  .  Assuming  a  patrol  speed  of  60  to  30  ra.p.h. 
and  various  patrol  beat  length,  the  mean  detection  time  from  this  mode)  is 
plotted  in  cigure  41. 

5 . 1 .  ? .  4  ,'■> e rvi  re  Patrols 

It  is  a. turned  that  certain  sections  of  the  freeway  are  assigned  to 
patrolling  vehicles  which  are  then  responsible  for  the  detection  and  servicing 
of  stopp«\y*3  along  these  beats.  The  model  assumed  for  the  detection  patrol 
would,  therefore,  notbe  applicable  because  the  patrol  frequency  is  a  function 
of  the  servi  e  ines  and  other  influencing  variables  such  as  the  prevailing 
traffic  flow  conditions  on  the  roadway.  Some  police  departments [68 ]  allow 

the  oft '.cat  t  >  leave  his  assigned  beat  and  patrol  adjacent  beats,  while  he 

% 

alone  has  the  icaponslbiiity  for  his  own  beat.  An  example  for  such  a  beat 

•  true ture  Is  s i n  Figu  re  42.  These  overlapping  patrol  beats  reduce  the 
detection  time,  but  also  introduce  a  stochastic  element  into  the  detection 
time  analysis  Because  the  patrols  do  n't  follow  strict  schedules. 

Observations  of  time  headways  between  successive  service  patrols  on 
freeways,  m<«  .ted  by  [108],  show  that  a  negative  exponential  distribution 
fits  the  data  well.  This  model  will  be  used  in  this  analysis  to  predict 
the  defection  of  incidents.  The  detection  time  is  then  a  function  of  the 

*  between  police  patrol,  and  mechanical  patrols,  h^  .  The 

fuiur.on  tor  the  negative  exponent  t  ll  pro!  ihil.ty  ■  is 


f  (») 
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where  t  ■  »  the  detection  time  and  X  patrol  frequency  (patrols/time 

interval) . 

The  probability  that  a  stop  is  detected  by  time  t^  *  t  is  then 


(6) 


In (1  -  R)  . 


The  effect  oC  using  the  patrol  frequency  from  the  uniform  probability  lav 

ns  an  estimate  for  the*  negative  exponential  probability  law  ir  shown  in 

Figure  '>3.  The  nr^at  ve  exponential  distribution  is  plott'-c  i or  X  -  1/ 20  , 

which  corresponds  to  the  headway  of  consecutive  parrels  of  the  uniform 

distribute  cn  for  a  heat  of  2C  miles  length  and  60  m.p.v’.  cratsi'-g  ‘-’'cod . 

2 

The  variance  for  the  exponential  law  is  Var(t)  ■  1/X  ■  400  ,  while  for 

the  uni  f o’ — ■  lav  it  is  133.  The  increased  spread  of  possible  detection  times 
becor-.f's  obvious  from  Figure  43. 

The  presented  detection  model  will  be  used  for  the  police  patrol  and 
the  mechanical  pattol.  The  models  are  identified  by  using  the  subscript, 
a  for  police  and,  b  for  mechanical  patrols,  t,  is  the  detection  tim- 
for  a  police  patrol,  while  tjj  is  the  detection  time  for  a  mechanic ll  p-  ‘ 

5.1.3  D Lspatcn  of  'ervice  Vehicles  and  Travel  to  Scene  of  Incident 

Service  units  are  dispatched  to  the  scene  of  an  incidenr  after  request 
from  the  communication  center  of  the  component.  A  dispatch  is  not  necessary 
if  the  appropriate  service  patrol  unit  already  arrived  at  the  scene.  In  ail 
other  cases  vehicles  are  dispatched.  The  dispatch  initializes  the  second 
phase  of  the  emergency  service  system,  the  service  phase. 

Patrols  are  not  dispatched,  but  they  arrive  at  the  scene  according  t< 
the  patrolling  strategy  on  their  beat.  Service  vehicles  stationed  at  posts 
are  dispatched  so  that  the  vehicle  closest  to  the  incident  tra/els  to  the 
scene  ("directional  strategy"). 

j. 1.3.1  Dispatch  and  Travel  Time  to  Incident 

The  travel  time  to  the  scene  for  patrolling  units  is  set  equal  to  the 
detection  time  or  t^  for  the  particular  patrol.  In  case  of  stationary 

service  units,  the  travel  time  is  derived  from  the  geometries  of  the  freevny, 
is  well  as  from  the  incident  and  service  post  location. 
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The  Layout  shown  in  Figure  44  is  assumed  for  the  service  posts  of  the 


police  (g^ 


service  (h^)  vehicles.  The  freeway  is  subdivided  Into 


subsections  and  the  area  of  service  responsibility  is  shown  in  Figure  4 
through  arrows.  It  is  assumed  that  the  service  units  are  located  at  the 
freeway.  This  pattern  corresponds  to  the  operation  of  such  facilities  as 
the  San  Francisco  -  Oakland  Bay  Bridge  and  Hudson  Tunnel  in  New  York..  It 
could  also  be  assumed  that  the  vehicles  are  actually  located  at  a  distance 
away  from  the  freeway,  and  that  they  would  just  enter  the  freeway  at  the 
designated  poats.  The  travel  time  to  the  freeway  would  then  require  an 
additional  analysis. 

The  travel  time  from  dispatch  to  arrival  at  the  scene  of  an  Incident 
Is  then  determined  from  the  geometries  given  in  Figure  45.  The  service 
unit  to  be  dispatched  is  the  closest  one  to  the  scene  of  the  incident.  Its 
location  gj  is  determined  by  the  location  of  the  incident  X  , 


(1) 


X  >  0 


X  <  0 


-  X  - 


8 


I 


where  x*  and  x' '  are  the  distance  from  the  service  post  to  the 
The  travel  time  to  the  seer®  becomes  then 


incident 


(2) 


|x'  for  x  0 
lx"  X  <  0 


where  t  includes  the  time  to  dispatch  the  vehicle  and  the  time  until  the 

P 

vehicle  actually  starts  to  travel. 
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A  f  Lou  dependent  travel  tlae  function  of  the  fora  "  v^(t)  *  f  (q  ( t ) ) 
le  used  to  consider  the  different  traffic  flow  rates  over  the  tlae  of  day. 

The  curve  for  aa  average  highway  speed  of  60  a.p.h.  with  a  speed  Halt  at 
30  a.p.h.  (figure  3.61  and  9.1  In  (60l)  adjusted  to  the  Bridge  capacity 
Is  aaaused  to  be  a  representative  flow/speed  relationship  for  the  Bay  Bridge. 
The  distribution  of  the  traffic  flow,  q(t)  ovr  the  t  lee  of  day  Is  given 
In  figure  25. 


3.  1 .  ),  2  San  ur  Available  -  Service  Bequest  Queue* 

As  Indicated  In  Chapter  2.  one  has  to  consider  If  a  service  unit  is 

actually  available  or  not  at  the  t  lee  of  its  request  for  service.  A  counting 

systaa  la.  therefore,  established,  which  beeps  record  on  the  rev,*'*'*  and 

dispatches  o!  vehicles  In  the  fora  of  service  available  and  request  queues. 

A  vehicle  can  only  be  dispatched  It  there  Is  an  entry  In  the  »er  .  ^  c  available 

queue.  If  there  Is  no  entry  In  the  queue,  the  ne»t  closest  avails’. .• 

service  uni c  will  be  dispatched. 

% 

The  travel  tine  Is,  therefore,  tor  the  geoaetrlc  layout  of  the  linear 

freevey,  actually 


(l) 


t 

a 


t 

P 


♦  s  •  1  )  *  t 

g  •> 


t 


frr  X  *  0 

X  «  0 


a  •  0  ,  It  there  la  an  entry  in  the  queue  at  .  s  •  1  If  the  nest 

cloaeat  service  vehicle  la  dispatched,  and  »  •  ’  .  If  the  second  losest 


aalt  has  to  be  dispatched. 


If  neither  of  these  iervK'1  vehicles  are  available,  or  if  all  vehlclr 
are  buss  at  the  t.-«*  ^f  request  of  service,  a  delav  tiae,  t  has  to  be 

•y 

tom  lJeresf.  Th  1  '  tin.  Is  equal  to  the  41f  f«.re  e  ►itttrti  tht  Selection 

time  st  for  IrulO.nt  1  arvit  h«  return  t  t  no  I  .  r  the  n.  it  u  j  1  !  j  t  h 
<1 

Service  vehicle  1L  ,  st 

r 


•  “ 


"i  ■  I-.  •  •■:) 


The  irrvhr  available  queue  arvi  service  request  queues  it-  re;r«sertr 

as  a  aatr  »  w  .  where  the  coefficients  a  ate  equal  to  the  of 

1J 

•  «rvK<  uni:  asa.lable  at  each  post.  The  rows  n’ntjpo  J  to  the  tspc  o! 

i«rv,  «  1  >w  l  represents  the  polhe  units  a  •  s  arwi  row 

^  J  *  w 

represent!  the  -e-e  h  <  1 1 1  a  l  service  units  a,  •  h, 

•  3  *3 


k  1 1  *  1 '  ‘  *  l  n  «i 


hn  ‘  ‘ '  h.’hh*i 


Is (n  • n 

i 


Is ( n  *  1 ) 


As  s^on  as  a  vehicle  Is  4 l spa t c ‘ eO  ,  the  i  rrspoiiJtnj  entr,  a  ^  is  r  eO  u 

by  1  arvl  in  rMh  f  1  It  aaJe  at  r  ,  in  a  Ji»sit  J."  vr  ’^r  ,  r,  ,  . 

IJ . I  1.1 

the  ti  l  Spa  C  tfi  tvl  <h«  unit  .»  a  p.  life  vehicle,  or  In  »  e  ’  •  r  r  ,  .  ft  > 

a«c  han  t  i  j  » .  I  hr  vehicle  Is  dlspatc  heO  . 

Tor  the  poll  e  irrvhr  available  request  queue  the  Jlspat.*  >r  tor 
r.  fets  then  an  entry  of  1  at  r  while  all  other  entries  of  the 

•  •  •  *  J  •  * 

Vf.rjr  dtc  frr  C  £  . 
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(4) 


rL  t  -  (0  0  0  0  1  0  0]  -  [r  J 


1J.I 


^ 0  not  busy 
1 1  busy 


ftefo.e  the  dispatch  of  every  unit,  s  cheek  Is  r.adc  whether  t  tie  service*  units 

have  returned  fron  incidents  ( i  -  1 )  ,  ( I  -  2 )  ,  ( I  -  ) )  .  to  their 

origins!  post  end  the  vectors  g  and  h  «re  updated  In  the  fora 


«1  *  *1-1  *  r  *  .1-1 


■  •  *  ♦  r  ♦  r 

•i  *1-1  i.i-i  l.!-: 


i  -  : 

i  -  j 


■ 


i 


*i-i 


L-I-l 

r 

L-l 


r 


l.l-L 


1  *  2  and 


1 


end  In  the  vectors  r  Che  entries  r 

4  t 1  “L  l J 

Metric  *1^  with  the  vectors  g^  and  t. 
the  ectuel  needier  of  service  ur l t »  available 
service  for  Incident  1 


arc  set  again  equal  to  trio. 
^  gives,  t  tie  refute,  llun 
at  the  t  lae  of  a  request  of 


}.1,4  On-Site  Service 

The  Activity  ’on-elte  service"  encospasses  all  services  provided  at 
the  location  of  the  Incident,  such  as  protection  of  the  scene,  resov.il  of 
blockages  Iron  the  traffic  lanes,  service  on  the  shoulders,  lav  enforcettent 
end  accldeet  Invest  tget  ton ,  hitching  of  vet  U  les  to  be  towed  away,  etc.  That 
Mena  all  services  necessar>,  so  that  the  statue  quo  ante  i>  achieved 

Little  la  kjsovn  about  the  duration  of  stops  For  the  operation  of  a 
service  systes  only  the  actual  on-slte  else  of  a  service  vehicle  l*  of 
Interest.  But  if  one  loom  at  the  total  detect  10-  and  sen.  r  m'.c',  it 
vould  be  desirable  to  know  about  the  co-plete  stop  duratl  n  dlstr.^-.tl  on  ,  as 
to  be  able  to  decide  which  emergency  aervl  e  s>stc-  fits  best  the  giver 


service  need. 
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Id  the  following  »c  tier.  t  c  »:op-U-rjt  .or  in:  Ijter  the  or.-»:te  stu.  e 

t  1m  will  be  Analyzed. 

>.1.4.1  Stop-Duration 

Very  lew  studies  report  on  tht  duration  f  incident*  or.  freeways.  Thr 
difficulty  Is  to  estimate  the  stoppage  tine  ^cfore  t  he  detection  of  ,‘e 
incidents.  This  tine  is  reduced  In  ca*«  of  visual  observation  end  t  fie 
•onltorlng  of  T\  Survelllsnce  systems.  The  data  collected  for  study  of 
Stoppage*  on  the  John  Lodge  Freeway  Tl  Surveillance  Project  in  LVtroit 
Su||*Sts  s  negative  esponentlsl  distribution  for  t he  stop  durst  ion  [J)|. 

A  slnllsr  study  wss  conducted  st  the  Elsenhower  Esptessway  Suivelllin.t 
Project  In  Chic *40  [37],  where  the  stop  durst  ion  wss  determined  b»  observe! » 
positioned  si 004  the  freewsy.  The  dsts  were  presented  by  two  stop  type* 

(1)  disabled  vehicles,  snd  (2)  nondissbled  vehicles,  sec  Figure  «t  while 
for  the  nondissbled  vehicle  stoppages  s  negative  riponentlal  distribution 
•ppesrs  to  fit  the  dels,  the  distribution  of  the  disabled  w  ’  Icle  stoppj,, 
ssess  to  bi-«sodsl  This  sight  Indicate  that  the  deration  of  stoppage*  of 
vehicles  follows  s  probability  law  which  It  a  superposition  of  several  dis¬ 
tributions  for  the  different  types  of  stoppages 

A  superposition  of  an  esponentlsl  probability  law  representing  t  fie 
eondlssbleu  vehicle  stops,  snd  s  norssl  probability  law  representing  the 
disabled  vehicle  stop*  might  fit  the  observation  already  cjulet  well 

If  p  Is  the  proportion  of  stops  0*  non  1 1 sab  led  vehicles,  and  1  -  p 
the  proportion  of  disabled  vehicles,  then  (he  sited  density  function  for  a 
negative  etponentlal  and  normal  law  would  be 

(1)  f ( a )  •  p [  e  *  !  ♦  ( 1  -  p ) 
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with  expectation  and  variance 
(2)  £(*)  -  p-  1  ♦  (1  -  p) u 

(J)  Var(x)  •-(**-  ♦  (*  ♦  (*  *  -  ul^l'p  ♦  3^  . 

The  method  for  t  lit  e  st  last  ion  of  these  parameters  Is  given  In  [130]. 

A  slallar  denslt>  function  for  a  mixed  exponential  and  a  gamma  probability 
lav  can  be  anticipated  of  the  fore 

(4)  f(x)  *  pi ‘e  '*]  ♦  (1  ■  p)  ~  (ia)3  *e  . 

>  a 

Because  of  t*“  .a  ►  of  appropriate  data,  the  models  of  nixed  distribution 
could  not  be  analysed.  A  qualitative  plot  of  these  nixed  distributions  Is 
shown  In  Figure  -7 

>.1.4.1  Or.  -  Sit  e  r  vice  Tine 

For  this  study  It  is  justified  to  look  Just  at  the  actual  observed  on¬ 
site*  service  tines  on  the  San  Francisco  -  Oakland  Bay  Bridge  and  to  neglect 
the  nondlsablcd  vehicles,  because  the  analysis  of  energcncy  service  systems 
Is  based  on  historical  data  of  actual  emergency  services  provided.  The 
data  on  the  on-alte  service  time  shewn  in  Figure  27  proved  not  to  be 
sufficient  to  derive  a  satisfying  model  from  it.  The  observations  were, 
therefore,  extended  to  12  weekdays  (October  1-5,  2-11,  14-15,  19b8)  so  that 
the  saaplr  site  increased  from  290  to  71b  incidents.  The  observations  are 
shown  in  Figure  48,  stratified  for  different  locations  of  the  service  rendered. 

For  all  locations  a  goodness  of  fit  test  for  a  gamma  distribution 
was  made  . 

The  Comma  de-sity  function  has  the  forr 
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(1) 


f(x) 


X  >  0 


otherwise 


where  x  la  the  variate,  a  the  shape  parameter  and  B  the  scale  para¬ 
meter.  The  parameters  can  be  estimated  via  the  maxima  likehood  estimators 
as  follows: 


(2) 


a 


E2(x) 

Var(x) 


and  B 


E(x) 

Var(x)  ' 


a  and  B  were  used  as  preliminary  estimate  in  performing  a  x  goodness 

A  A 

A  A 

of  fit  teat.  The  estimates  were  then  adjusted  to  o  and  B  ,  which  provided 
2  2 

in  a  smaller  x  value.  For  the  x  test  the  computational  simpler  form 


(3) 


<°1  -  *!>' 


k  o? 

l  T 

l-i  i 


-  n 


was 'Used,  where  oi  is  the  observed  frequency,  the  theoretical 

frequency,  n  la  the  sample  size  and  k  the  number  of  classes.  The  results 
of  this  analysis  are  presented  in  Figure  49,  where  also  the  level  of  sign¬ 
ificance  la  given  against  which  the  distributions  are  tested. 

The  analysis  showed  that  one  can  assume  that  the  gamma  (Erlang) 
probability  law  can  be  used  to  represent  the  distribution  of  on-site  times. 

A  better  understanding  of  the  distribution  function  for  on-site  service 
could  be  reached  by  stratifying  the  service  times  by  type  of  services 
rendered,  see  Figure  23.  One  might  presume  then,  that  the  former  distribution 
is  an  enveloping  distribution  of  a  sum  of  distributions  where  possibly  each 
is  a  normal  law  for  each  particular  type  of  service.  vcr  this  study  the 
density  function  with  a  ■  3.0  and  8  ■  .30  (Figure  48c)  is  assumed  to  be 
representative  for  the  service  times  on  the  Bay  Bridge. 


A 


X 


=  10.37 


FIGURE  42: 


GAMMA  (ERLANG)  DISTRIBUTION  FITTED  TO  SERVICE  TI 
OF  THE  SAN  FRANCISCO  -  OAKLAND  BAY  BRIDGE 
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In  the  simulation  routine  variates  from  the  gamma  distribution  cannot 

be  directly  generated  from  the  cummulative  distribution,  because  it  is  not 

defined  explicitly  [95].  Enang  variates  can  be  generated  by  reproducing 

the  random  process  on  which  the  Erlang  distribution  is  based. 

This  can  be  achieved  by  taking  the  sum  of  m  exponential  variates 

x,,x  ,  ....  x  with  identical  expectation  1/8  .  Therefore,  the  Erlang 
1  Z  s 

variate  x  can  be  expressed  as 


(4) 


log  Rt 


This  form  is  :  hen  used  in  the  simulation  routine  to  generate  Erlang  variates 
where  a.e  generated  pseudo  uniform  (0,1)  random  numbers. 

5.1.5  Return  Travel  -  Reavailability 

e  travel  time  of  detection  and  service  units  from  the  scene  of  the 

incident  back  to  the  posts  where  they  are  stationed  is  called  return  travel 

time. 

In  case  of  patrols,  Che  return  travel  time  is  assumed  to  be  zero, 
because  the  vehicle  Just  continues  its  patrol  after  it  was  interrupted  by 
the  on-site  service  activity. 

The  return  travel  time  for  service  units  at  posts  is  computed  from 
the  distance  which  the  service  unit  is  away  from  its  terminal  or  post.  This 
distance  is  a  function  of  che  geometric  layout  of  the  freeway,  the  location 
of  the  incident  and  the  terminal  of  the  service  unit  as  shown  in  Figure  50. 
The  return  time  for  a  police  vehicle,  t8  is  then 

(1)  t8  -  (?  £  -  x " ) / v  +  s*i  /v  x'  = 

r  g  g  g  g 


(*'  X  .  8l;t 
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where  s  •  0,1 ,2, 3  dependent  on  the  location  where  the  service  unit 
originated.  g^  is  the  closest  post  to  this  incident,  if  no  vehicle  is 
available  for  service  there,  the  next  closest  available  post  is  gQ  "  g^  ♦  * 
according  to  5. 1.3.2. 

It  is  assured  that  the  speed  of  travel  is  flow  and  time  dependent 
v  ■  v  (t,q(t))  .  The  flow  dependent  travel  time  is  then 


(2) 


x' )/v  ♦  l  (1  ♦  s)/v 

gW  g  gt 


x")/v  ♦  t  (1  ♦  s )  /  v 

gE  g  gW 


X 

X 


a  ! 
*1 


8i‘ 


g 

g 


because  the  service  unit  has  to  use  the  East  and  Westbound  direction  of  the 

freeway.  v^w  is  the  speed  Westbound  and  v^£  the  speed  Eastbound. 

The  return  travel  time  for  mechanical  service  vehicles,  th  is  deter- 

r 

mined  in  the  same  way  as  for  the  police  vehicles,  so  that  in  the  previous 
equations  the  index  g  is  replaced  by  h  . 

If  the  mechanical  service  vehicle  has  to  tow  a  disabled  vehicle  lo  a 
garage  tl  ’  return  time  is  increased  by  t£  ,  the  towing  time. 


(3) 


.  h + 

r  k 


(‘h  -  X')/vhU  +  'hH  *  S)/vhE 


♦  (!h  -  X">/V  *  V1  *  s)/vhw 


X  *  Vh 


*-Vb 


If  a  disabled  vehicle  has  to  be  towed,  it  is  assumed  that  the  tow 

truck  leaves  the  freeway  at  the  closest  exit  and  releases  the  vehicle  at  a 

garage  in  the  adjacent  tow  zone.  A  tow  zone  is  an  area  of  size  , 

with  its  center  being  an  exit  of  the  freeway,  see  Figure  51.  For  an  urban 

environment  i'  is  assumed  to  be  two  miles  [681.  If  one  assumes  tint  the 
n 

garages  are  uniformly  distributed  over  the  area  and  that  the  street  network 
is  rectangular,  the  average  distance  from  an  exit  to  any  garage  is 
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(4)  d  -  |  I  (x  ♦  y)f(x,y)dxdy 

0  0 


•wh  *; 


(4*)  d 


f  f  •5-vi; 


(x  ♦  y )dxd /  -  1  +  k*. 


0  0 


The  travel  time  for  a  tow  truck  to  and  from  the  garage  is  then 

(5)  t  -  (.5*  £.,  ♦  2) /v  . 

t  n  n 


The  reavailability  of  service  units  was  already  discussed  in  Section  5. 1.3. 2. 


5.1,6  Evaluation  of  Service  Need 

For  the  analyzed  detection  methods  it  is  assumed,  that  through  two-way 
communication  the  service  need  at  the  scene  of  the  Incident  can  be  transmitted 
to  the  dispatcher  of  service  vehicles.  Only  in  case  of  single  signal  call 
boxes  where  no  two-way  communication  exists,  some  tine  delay  will  be  caused 
until  the  service  need  is  determined. 

Call  boxes  are  assumed  to  be  connected  with  the  dispatcher  of  mechanical 
service.  The  evaluation  time  for  call  boxes  is  then  equal  to  the  time 
which  passes  from  receiving  of  a  call  until  the  service  unit  arrives  at  the 

scene,  t  ■  t^  .  If  several  detection  and  service  systems  interact  on  the 

e  a  1 

freeway,  the  evalu  tion  time,  t  is  assumed  to  be  the  minimum  of  all  arrival 
times  of  those  systems  which  are  in  operation: 


(1) 


t  "  min 
e 


/ a  b  f  h\ 

VvWSi) 


tH  >  0,q  ■  a,b,f ,h 
a 


Any  detection  or  service  unit  which  arrives  at  the  scene  can  identify  the 
need  for  police  and  mechanical  service. 
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5.1.7  Interacting  Deuction  Systems 

The  detection  models  presented  in  Section  5.1.2  apply  for  individual 
detect  ion  subsystems.  If  several  subsystems  interact  on  one  facility,  a 
decision  routine  must  be  designed  which  decides,  via  which  method  the 
Incident  will  be  actually  detected.  It  would  be  logical  to  take  that  method 
which  gives  the  shortest  detection  time  for  a  given  incident.  But  if  discrete 
communicrtion  terminals  and  patrolling  vehicles  for  detection  of  incidents 
are  operated  at  the  same  time,  one  has  to  consider  the  different  characteristics 
of  the  methods.  A  patrolling  unit  will  always  detect  an  incident  when  it 
passes  it,  but  a  stranded  motorist  might  not  always  use  the  communication 
terminal  because  he  night  think  he  can  help  himself. 

The  average  walking  time  to  a  call  box,  spaced  at  600  feet  ie.g.,  SF03B) , 
la  about  half  a  minute,  for  a  spacing  of  4  mile  this  walking  time  is  2.5 
minutes.  On  urban  freeways  the  spacing  is  kept  less  than  half  a  mile,  and 
therefore,  2.5  minutes  would  be  the  longest  average  walking  time.  No 
other  considered  detection  subsystem  can  achieve  this  average  time  economically. 
The  data  of  the  SFOBB  show  that  about  50%  of  the  incidents  are  reported 
from  call  boxes,  Figure  22.  This  percentage  could  be  used  to  decide  which 
detection  system  was  used  or  not. 

For  this  study  it  was  assumed  that  the  stranded  motorist  is  captive  to 
use  the  communication  terminals,  so  that  he  will  use  the  emergency  phone  or 
box,  if  he  arrives  there  before  the  incident  is  detected  via  a  patrol. 

If  a  call  box  is  used,  the  routine  described  in  the  previous  Subsection 
5.1.6  applies.  In  case  that  a  patrol  detects  the  incident,  the  detection 
time  is  determined  from  the  minimum  arrival  time  of  all  detection  systems,  q 
In  operations, 


t 


d 


t'?  >  0  ,q  =  a  ,b  ,  f  . 

u 


(1) 


min (ta,tb,tf ) 
\  a’  a’  a / 


3.2  cost  an:  y ['i  LC'ii\y  meascrls  and  v.oplls 

A  general  discussion  of  cost  and  effectiveness  approach  was  given  in 
Chapter  2.3.  It  was  decided  to  take  Dollars  as  the  cost  measurement.  As 
measure  of  effectiveness  three  individual  measures  and  three  collective 
measurements  were  selected.  In  this  section  the  costs  of  various  emergency 
service  systems  are  surmerized,  and  models  for  the  estimation  of  the  effective¬ 
ness  measures  are  discussed. 

5.2.1  Cost  Measure  and  Data  for  Emergency  Service  Systems 

Section  4.3  describes  the  emergency  service  systems  which  are  analyzed 
in  this  study.  The  estimation  of  costs  is  difficult,  first  because  of  the 
nonavailability  of  detailed  data  and  second,  because  the  costs  change  for 
different  locations.  To  have  a  consistent  basis,  the  costs  compiled  and 
determined  by  [102]  were  used  for  this  analysis  with  adjustments  where 
necessary. 

Figure  42  summarizes  these  costs  for  the  individual  detection  and 
service  systems.  In  Appendix  A,  the  basic  assumptions  behind  the  cost 
figures  are  listed.  The  costs  are  determined  for  Dollars/mile/year.  Because 
in  this  study  the  operation  of  emergency  service  systems  is  evaluated  on 
a  dally  basis,  it  is  assumed  that  the  yearly  figure  can  be  divided  by  365 
and  then  be  applied  for  one  day  of  operation.  If  one  considers  alternate 
candidate  systems,  it  has  to  be  recognized,  that  some  costs  can  be  reduced 
through  the  combination  of  several  systems;  e.g.,  the  auxiliary  equipment 
and  manpower  costs  for  a  communication  center  of  an  emergency  telephone 
system,  if  it  is  connected  to  a  dispatch  center  of  a  mechanical  service 
system. 

If  a  call  box  or  emergency  telephone  or  detection  patrol  system  is 
analyzed,  its  communication  center  is  assumed  to  be  also  the  dispatch  center 


of  the  mechanical  service. 


Total  I  Equipment  Installation  I  Operating  I  Manpower  I  Auxiliary  I  Auxiliary 


FIGURE  52:  COSTS  FOR  INDIVIDUAL  DETECTION  AND  SERVICE  SYSTEMS  ((68)  and  adapted  from  (102)) 
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5.2.2  Effectiveness  Measures 

The  measures  of  effectiveness  which  will  be  used  in  this  study  are 
defined  in  Section  2.3,  where  it  was  differentiated  between  individual  and 
collective  measures.  The  individual  effectiveness  measures  which  apply  to 
the  stranded  motorist,  the  detection  time  and  the  arrival  of  first  service 
at  the  scene,  can  be  derived  directly  from  the  models  presented  in  5.1. 
However,  the  collective  measures,  total  delay  and  hazard  of  secondary  accident 
(number  of  vehicles  affected  through  the  roadway  blockage)  have  to  be 
estimated  via  queueing  models.  The  computation  and  estimation  of  these 
measures  is  discussed  in  the  following  paragraphs. 

5.2.2. 1  Individual  Effectiveness  Measures 

The  primary  interest  of  a  stranded  motorist,  who  needs  help,  is  that 
he  is  detected  quickly  and  that  he  can  be  sure  that  a  service  agency  knows 
about  his  incident.  A  call  box  does  not  assure  him  that  his  request  for 
service  was  received  by  the  service  agency.  In  this  regard  an  emergency 
telephone  has  a  definite  advantage.  The  detection  time  and  the  arrival  of 
first  service  are,  therefore,  used  as  the  individual  effectiveness  measures. 

The  detection  time  for  alternate  emergency  service  systems  can  be 
derived  from  the  models  presented  in  5.1.2.  It  is  the  minimum  detection 
time  which  can  be  achieved  through  the  different  types  of  emergency  service- 
systems,  q 

(1)  t^  ■  min  |tj,t^,t^, t^, t^j  for  t^j  >  0 

for  q  -  a,b,c,e,f  . 

The  arrival  time  of  first  service  at  the  scene  of  either  police  or 
mechanical  service  is  of  great  psychological  importance  for  the  stranded 
motorist  and  a  fast  arrival  of  service  Is  necessary  for  his  safety. 
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The  arrival  time  of  first  service  *.s  determined  from  the  minimum  of  all 
arrival  times  of  the  emergency  service  systems,  q  in  operation 


(2) 


,  /  a  g  b  h\ 

minlst  ,st  ,st  ,st  I 
y  a  a  a  a  / 


stHa  >  0 ,q  =  a.g.b.n  , 


where  st^  is  the  arrival  time  of  a  patrol  or  service  unit  of  type 
q  »  a,b,g,h  ,  at  the  scene  of  the  incident  after  the  occurrence  of  the 
incident. 


5. 2. 2. 2  Collective  Effectiveness  Measures 

The  collective  measures  of  effectiveness  describe  the  effectiveness  of 
the  emergency  service  system  to  the  passing  motoristswho  are  affected  by 
the  roadway  blockage  due  to  an  incident.  These  are  the  blockage  time,  the 
total  delay  and  the  number  of  vehicles  delayed. 

The  blockage  of  the  roadway  cr  a  capacity  reduction  of  the  freeway  is 
a  hazard  to  the  passing  motorist.  The  shorter  the  blockage  time  is,  due  to 
an  incident,  the  less  danger  exists  for  secondary  accidents  and  the  smaller 
are  the  delays  imposed  on  the  motorists. 

The  blockage  time  is  the  time  period  which  passes  from  the  occurrence 

of  an  incident  until  the  event  "end  of  on-site  service."  This  time,  t,  , 

b 

is  determined  from  the  maximum  blockage  time  of  the  roadway  which  is  computed 
for  the  different  service  needs 


(1) 


max|st 


a 

s 


>  0,q  =  a,b,g,h 


where  q  indicates  the  emergency  service  system  studied  and  where  st^ 
is  the  time  of  the  end  of  on-site  service.  The  blockage  time  is  used  as 
input  to  the  queueing  models  as  the  time  of  reduced  capacity,  CR(I)  due 
to  incident  I  .  The  capacity  reduction  is  assumed  to  be  constant  during 
the  blockage  time  and  proportional  to  the  traffic  lanes  blocked  as  reported 
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in  the  San  Francisco  -  Oakland  Bay  Bridge  dispatchers  log.  Only  the 
capacity  reduction  caused  in  the  intra-incident  stage  is  considered. 

5.2.3  Time  Dependent  Queueing  Models 

The  delays  caused  through  capacity  reductions  of  a  roadway  can  be 
estimated  from  models  of  queueing  theory,  in  which  from  the  input  and  output 
rate  of  a  queueing  system,  predictions  can  be  made  on  the  number  of  delayed 
vehicles  and  the  total  queueing  time.  Two  approaches  are  used  to  interprete 
the  traffic  flow  in  a  queueing  system.  Either  the  input-output  rate  is 
treated  as  a  stochastic  process,  or  one  disregards  the  discrete  nature  of 
vehicles  and  treats  them  as  a  continuous  fluid. 

For  simple  demand  and  capacity  patterns  mathematical  formulations  and 
solutions  to  deterministic  and  stochastic  models  exist  [20,  98],  The 
analysis  of  time  dependent  arrival  and  departures  rates  complicates  the 
mathematics  of  the  queueing  theory,  in  particular,  the  stochastic  analysis 
[46,  85,  99].  The  fluid  approximation  in  which  the  cumulative  arrival  of 
vehicles  A(t)  is  replaced  by  E[A(t)]  always  underestimates  the  queue 
length  [98].  The  analysis  of  sudden  capacity  reductions  during  rush  hours 
with  high  traffic  demand  rates  shows  that  the  simpler  deterministic  model 
provides  results  for  the  means  of  queue  length,  delay  and  queueing  time 
which  are  very  close  to  those  obtained  by  stochastic  simulation  [94],  For 
this  study  the  deterministic  approach  is  therefore  used. 

5. 2. 3.1  Notation  and  Derivation  of  Queueing  Characteristics  for  a 
Deterministic  Queueing  Model 

X(t)  denotes  the  arrival  rate  of  vehicles  which  corresponds  to  the 
traffic  demand  rate  at  time  of  day,  t  .  In  Figure  25  the  demand  rate  for 
the  SFOBB  is  approximated  by  a  piece-wise  linear  function  for  a  typical 
weekday.  The  symbol  u(t)  represents  the  departure  rate  of  the  vehicles 
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from  the  queueing  system  which  is  assumed  to  be  equal  to  the  capacity  of 

the  roadway.  p(t)  is  assumed  to  be  constant  over  the  length  of  the  freeway. 

A  recent  engineering  study  determined  that  the  capacity  of  the  Bay  Bridge 

is  p  ■  8600  vph  (1720  vph  per  lane)  Westbound,  and  p  =  9000  vph  (1800 

vph  per  lane)  Eastbound,  [113].  Higher  flows  are  actually  measured,  but 

only  for  15  minute  periods  [62].  It  is  assumed  that  the  capacity  is  constant 

over  time  of  day  except  during  the  blockage  time  during  a  traffic  incident, 

when  it  is  reduced  to  p(t)  *  p  (t)  from  time  t  =  T  to  t  ■  T  +  t.  . 

CR  b 

A(t)  represents  the  cumulative  arrivals  of  vehicles  to  time  t  , 


A(t) 


^  A(t)dt  ,  with  a  stepwise  integration  of  the  piece-wise  linear 


demand  rate  A  (,  z)  . 


system,  D(t) 


1 


D(t)  is  the  cumulative  number  of  departures  from  the 

■k 

p(t)dt  ,  and  D  (t)  denotes  the  cumulative  departures 

* 


from  the  queue.  The  difference  between  D(t)  and  D  (t)  can  be  neglected 
for  the  fluid  approximation,  because  there  are  at  most  a  few  vehicles  in 
service. 

According  to  the  deterministic  queueing  approach,  no  delay  is  encountered 
until  the  demand  rate  A(t)  exceeds  the  capacity  u(t)  .  As  soon  as 
A(t)  >  p(t)  ,  a  queue  starts  to  grow  wich  time  until  A  ( t )  <  p(t)  ,  where 
the  queue  starts  decreasing  and  then  eventually  vanishes. 

If  the  queueing  discipline  in  which  the  vehicles  are  served  is  in  the 
order  of  their  arrival  (first  in  first  out,  FIFO)  and  as  long  as  the  starting 
time  t  is  equal  to  zero,  when  the  system  is  idle,  the  number  of  vehicles 
in  the  system  at  time  t  is  the  queue  length,  Q(t) 


(1) 


Q(t)  -  A(t)  -  D(t) 


J 


(A(t)  -  u  (t))dt  . 


The  queueing  time  lasts  as  long  as  there  are  vehicles  in  the  system,  one  can 
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use,  therefore,  this  expression  to  determine  the  queueing  time,  TQ  . 

In  the  computer  program  the  integration  is  substituted  by  summations 
per  time  interval  At  .  The  analysis  is  done  on  a  discrete  time  basis,  the 
time  interval  At  used  being  in  the  order  of  one  minute.  For  each  time 


interval  i  the  number  of  arrivals  A(t^)  and  departures  u(t^)  are 
obtained.  The  process  is  started  at  A(t^)  >_  p(t^)  ,  which  is  at  time  T  , 
the  occurrence  of  the  capacity  reduction  where  t  >  0  ,  i  *  1  ,  and 


The  number  in  the  system  at  time 


is  updated  in  the  form 


and  a  check  is  made  whether  the  queue  has  dissipated  or  not.  If  it  has  not, 
the  process  is  repeated  with  the  appropriate  value  A(t^)  ,  p^)  for  the 
next  time  interval.  When  the  queue  is  dissipated,  the  queueing  time  can  be 

obtained  from 


TQ  »  Afnm  where  nm  -  i  at  Q(TQ)  *  0  . 


The.  total  queueing  time,  W  ,  during  the  time  interval  TQ  ,  is 


TQ  TQ 

J  Q (t)dt  -  j  (A(t)  -  D(t))dt 
0  0 


or 

i«*nm 

(5)  W  -  At •  l  Q(t  )  , 

i-1 

which  is  also  geometrically  interpreted  as  the  area  bounded  by  A(t)  and 
D(t)  .  The  total  number  of  vehicles  affected  through  the  blockage,  N  which 
is  used  as  an  indicator  for  secondary  accidents  or  incidents  is 


LI  7 


i-nm 

(6)  N  -  y  (t)  *TQ  -  l  X  (t  )  . 

i-1  1 

In  addition  to  the  above  measurements  of  effectiveness,  N  and  W  ,  two 
other  characteristics  are  meaningful  and  can  easily  be  derived  from  the 
already  known  equations. 

The  maximum  queue  length,  Qmax  can  be  computed  from  the  individual 
queue  length  at  time  t^  by 

(7)  Q_  -  max(Q(t.))  *  <  i  <  run 

max  1  —  — 

it  occurs  at  tine  where  Q(t^)  *  QCtj^  )  .  The  average  individual 

delay  to  the  motorist  in  the  queue,  w  is 

(8)  w  -  W/N  . 

The  use  of  the  measure  total  delay,  W  has  the  disadvantage  chat  it 
does  not  reflect  the  microscopic  situation  of  the  queueing  system.  It  would 
be  desirable  to  have  an  indication  how  long  the  individual  vehicle  was 
delayed,  because  it  is  quite  a  difference  if  1000  vehicles  are  delayed  for 
half  an  hour  or  10,000  vehicles  are  delayed  for  3  minutes  even  though  both 
result  in  500  vehicle  hours  total  delay.  The  number  of  vehicles  affected, 

N  can  be  used  to  compute  an  average  delay,  w  ■  W/N  ,  but  this  still  does 
not  say  anything  about  the  distribution  of  the  individual  delays.  It  would 
be  more  meaningful  to  determine  the  percentage  or  probability  of  y  vehicles 
being  delayed  for  x  or  less  minutes. 

5. 2. 3. 2  Multiple  Incidents 

With  the  formulas  derived  in  the  previous  paragraph  the  collective 
measures  of  effectiveness,  the  total  delay,  W  and  the  total  number  of 
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vehicles  affected,  N  can  be  computed  for  each  incident  and  also  for  a 
time  period  like  a  day  for  a  specified  number  of  simulation  runs. 

A  complexity  arises  when  several  incidents  occur  at  about  the  same  time 
and  the  same  location.  In  this  case  the  arrival  and  departure  rates  of 
one  incident  influence  those  of  the  other  incidents.  A  separate  analysis  of 
these  incidents,  not  taking  into  account  the  changes  in  the  input  and  output 
rates,  would  not  give  representative  results.  Incidents  which  block  the 
roadway  at  about  the  sane  location  (i.e.,  one  call  box  spacing,  '600  feet 
on  the  SFOBB)  are  treated,  therefore,  as  one  incident;  if  the  roadway  Is 
still  blocked  from  incident  1  when  incident  2  occurs.  The  total  blockage  time 
for  two  incidents  occurring  at  time  and  is  then  assumed  to  be 

(1)  tfa  «  sax (T^  +  tb  +  tfe  2)  -  if  ^  +  tfe  1  >.  T2  . 

If  several  incidents  occur  not  at  the  same  location,  but  about  at  the  same 
time,  so  that  the  output  rate  of  one  incident  affects  the  input  rata  at  a 
downstream  ircident  or  the  shock  wave  traveling  back  from  one  incident 
affects  the  output  rate  of  an  upstream  incident  location,  the  analysis 
becomes  quite  complicated.  The  queueing  model  can  easily  cope  with  the 
problem,  but  the  formulation  of  the  transient  demand  and  service  functions 
over  time  and  space  is  beyond  the  scope  of  this  study. 

5.3  SIMULATION  PROCESS 

The  analysis  of  alternative  emergency  service  systems  is  performed  with 
a  computer  program  which  combines  the  proposed  models  for  the  various  activities 
to  a  next,  event  simulation  routine.  Cost  and  effectiveness  are  computed 
using  the  output  of  the  activity  model  and  the  models  developed  in  Section  5.2. 

Simulation  in  this  context  has  dual  interpretation.  First,  the  program 
is  used  to  simulate  the  operation  of  alternate  detection  and  service  systems 
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as  a  stochastic  process  where  probabilistic  models  are  used.  Second,  in 
the  case  that  deterministic  models  are  used,  the  routine  just  serves  as  a 
convenient  means  to  perform  elementary  computations  in  a  short  time  and  as 
a  housekeeping  system  to  keep  track  of  all  events,  activities,  parameters 
and  statistics  analyzed  in  the  evaluation  of  emergency  service  systems. 

Most  details  of  the  routine  concerning  individual  events  and  activities 
are  already  described  in  Section  5.1,  so  that  in  this  section  the  overall 
concept  of  the  program  and  simulation  routine  are  discussed. 


5.3.1  Overall  Structure  of  the  Program  DESERV 


The  computer  program,  "DESERV"  is  organized  as  a  next  event  simulation 
routine  where  each  major  activity  is  represented  as  one  or  more  subroutines. 
Consideration  is  given  to  each  individual  incident,  I  ,  and  the  sequence  of 
events  after  the  incident  occurrence  is  simulated  until  all  service  require¬ 
ments  are  fulfilled  and  the  detection  and  service  units  are  in  a  stage  of 
reavailability  for  the  next  incident,  I  +  1  .  After  each  incident  the  sum¬ 
mations  for  the  statistics,  mean  and  variance  of  the  output  values  are 
updated.  The  same  procedure  is  followed  for  the  incidents  I  +  1,1  +  2,  ..., 
until  I  ■  NO  ,  the  total  number  of  incidents  (e.g.,  per  day)  analyzed.  If 
all  NO  Incidents  are  analyzed  once,  one  iteration,  J  of  the  simulation 
is  completed.  At  the  end  of  each  iteration,  the  mean  and  variance  are 
computed  for  the  NO  incidents.  The  entire  process  is  repeated  then  for 
as  many  Iterations,  JJ  as  needed.  Finally,  the  mean  and  variance  are 
computed  for  the  output  values  after  JJ  iterations.  If  more  than  one 
day  is  studied,  the  daily  statistics  aie  stored  and  the  program  is  restarted 
by  reading  the  input  characteristics  for  the  next  day  to  be  analyzed.  After 
all  days  are  analyzed  the  statistics  mean,  variance  and  standard  deviation 
are  computed  from  the  stored  daily  data  (see  Appendix  B.).  A  flow  chart  of  this 
program  is  presented  in  Figure  5  3. 
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The  program  is  written  in  FORTRAN  IV  language  for  a  CDC  64u0  computer. 
The  program  has  about  5,000  statements  and  it  takes  60  seconds  to  compile 
from  the  source  deck  and  5  seconds  to  start  from  a  binary  deck.  To  run 
100  iterations  for  one  incident  takes  about  3-4  seconds,  depending  on  the 
type  of  incident  and  emergency  service  system  studied. 

5.3.2  Details  of  the  Simulation  Program 

An  incident  is  identified  in  the  simulation  routine  by  its  number,  I 
the  time  of  occurrence,  T  and  location  of  and  its  service  require¬ 

ment  Kj.  .  T  is  the  time  of  day  in  minutes.  Any  activity  time  generated 
for  incident  I  is  added  to  the  clock  time  T  ,  so  that  at  any  time  of  the 
simulation  the  state  of  service  of  an  incident  can  be  derived  from  the 
clock  time.  This  becomes  important  when  several  incidents  have  to  be  served 
simultaneously,  and  the  queueing  process  for  service  vehicles  occurs. 

The  computation  of  the  queueing  characteristics  through  numerical  inte¬ 
gration,  see  Section  5. 2. 3.1,  is  very  time  consuming.  For  each  incident  a 
check  is  therefore  made,  if  during  the  time  of  blockage  t^  ,  the  capacity 
rate  u  ,  is  smaller  than  the  demand  rate  X  ,  and  only  if  X  >  u  during 
t^  ,  the  queueing  model  has  to  be  used.  This  fact  reduces  the  average 
computation  time  from  about  .1  seconds  to  .015  seconds  per  incident  and 
iteration. 

The  analysis  of  alternate  emergency  service  systems  has  to  be  based  on 
equal  assumptions,  so  that  the  results  later  can  be  compared.  This  becomes 
important  in  the  simulation  of  stochastic  processes,  where  the  random 
variates  are  determined  from  pseudo  uniform  random  numbers.  For  this  study 
a  distinct  set  of  random  numbers  is  therefore  generated  for  each  probability 
model  in  the  program,  so  that, for  example,  for  each  combination  of  detection 
and  service  systems  the  same  series  of  on-site  service  time  variates  is 
generated.  Or,  of  the  police  patrol  model  (A)  is  matched  with  2,  3  or  4 
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*  ** 

stationary  mechanical  service  posts  (H,H  ,H  )  ,  the  same  series  of  random 
variates  is  used  for  the  police  arrival  times  for  the  different  mechanical 

service  patterns. 

In  case  that  Interacting  detection  subsystems  are  studied,  each 

detection  subsystem  is  identified  by  a  binary  number,  that  is  a  number  of 

power  e  of  base  2.  For  example,  the  police  patrol  is  assigned  the  number 

3 

8  ,  which  Is  equal  to  2  for  e  ■  3  .  The  emergency  telephone  system  has 
code  2  *  2^  ,  e  ■  1  .  An  interacting  detection  system  is  then  uniquely 
characterized  by  the  sum  of  the  corresponding  binary  numbers,  e.g. ,  2  +  8  =  10 

for  police  patrol  and  emergency  telephones. 


5.3.3  Determination  of  Statistics  and  the  Number  of  Realizations 

In  the  simulation  routine  the  effectiveness  data  (e.g.  detection  time, 
total  delay),  are  computed  for  each  incident  i  on  day  k  for 

iteration  j  as  Indicated  in  Subsection  5.3.1.  The  mean  and  pooled 
variance  for  the  five  days  are  computed  from  x  ^  according  to  the 
Equation  (B-5,  B-6  and  B-ll,  B-12)  in  Appendix  B  to  obtain  the  individual 
and  collective  measures  of  effectiveness  representative  for  the  total  study 
period.  In  the  case  where  the  dimension  of  the  effectiveness  measure  was 
time  (detection  time,  arrival  time  of  service,  and  blockage  time)  these 
computations  were  based  on  the  means,  x.jj(  *  which  are  the  average  times 
per  day  k  and  interation  j  (see  Equation  (B-l)).  For  the  other  two 
measures,  total  delay  and  number  of  delayed  vehicles,  the  basis  for  the 
computations  was  the  sum  of,  for  example,  the  total  delays  for  one  day 

(16  hour  period),  x  ..  (see  Equation  (B— 8) >  . 

E»jk 

A  preliminary  analysis  was  made  to  determine  the  number  of  iterations 
to  be  used  in  the  computation  of  the  effectiveness  measures.  For  the 
candidate  system  13,  (Police  and  Mechanical  Service  Patrol),  with  highly 


stochastic  model  representations,  the  mean  and  pooled  variances  for  the  total 
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number  of  vehicles  affected  through  a  blockage,  were  plotted  in  Figure  54. 
The  results  indicate  that  the  mean  of  N  ,  the  number  of  delayed  vehicles 
for  Tuesday  and  Thursday  reaches  a  level  which  is  hardly  changed  after  100 
realizations.  A  similar  analysis  is  shown  for  the  system  3,  (Emergency 
Telephone,  Stationary  Police  and  Mechanical  Service  Units),  see  Figure  55. 


While  N  is  highly  dependent  on  the  number  of  iterations  n^  ,  the 
influence  of  nj  on  the  blockage  time  is  minimal  after  50  iterations. 

The  reason  that  N  is  more  dependent  on  lies  in  the  fact,  that  only 

about  20%  of  the  incidents  generate  delays,  so  that  actually  at  100 


iterations  only  about  20  N's  are  simulated.  For  this  study  each  candidate 


system  is,  therefore,  analyzed  with  100  realizations  of  each  day. 


Number  of  Vehicles  Delayed  per  Day 


r 
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FIGl’RE  54.  EFFECT  OF  NI~JER  Of  ITE'CVTIO'.S  ON  CUEICIN 
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CHAP  ?  _6 

ANALYSIS  AN ’ ■  r»t;.LLTS 

Toe  fift<en  cun.*  id -re  ..stems  whlcn  .i'!i  h-.  .i  uivv  n  this  stuuy  are 
proa*nted  as  a  hi«Mid  of  detection  i  s  -.v'.*.-  ■..bsy  In  Section  4.3. 

A  difficulty  in  :  *•-  exigency  service  systems  lies  in  the 

f met  t'r.i".  a  ;•>  of  parameters  influence  the  systems.  It  is, 

w _.e,  necessary  to  look  at  very  basic  designs  so  as  to  be  able  to 
compare  the  results  of  the  study.  In  Figure  56  these  candidate  systems 
are  again  summarized  and  codes  are  attached  to  them  with  which  they  will  be 
identified  in  the  further  text. 

The  variation  of  the  operations  of  various  subsystems  over  the  day  is 
excluded  by  investigating  only  Incidents  occurring  during  the  day  and 
•wing  shift,  i.e.,  during  16  hours  from  6  a.m.  to  10  p.m.  During  one  shift 
the  assignment  of  personnel  changes  little  and  the  swing  and  day  shift  have 
about  the  same  manning.  The  cost  figures  derived  in  Subsection  5.2.1  are, 
therefore,  scaled  down  linearly  from  Dollars/Mile/Day  to  Dollars/Mlle/16  Hours. 

The  analysis  of  alternate  emergency  service  systems  is  based  on  a  sample 
of  incidents  occurring  from  Monday  through  Friday  of  one  week  on  the 
San  Franclsco-Oakland  Bay  Bridge.  (See  Subsections  4. 1.3.1,  5. 1.1. 2  and 
Appendix  E.)  For  all  five  days  it  is  assumed  that  the  traffic  demand  rate, 
measured  for  the  Tuesday  can  be  taken  as  representative  for  all  five  days. 

This  will  introduce  some  errors  in  the  computation  of  delays,  particularly 
for  Monday  and  Friday  when  the  demand  rate  differs  from  that  of  midweek. 

In  the  first  section  of  this  chapter  the  multiplicity  of  effectiveness 
measures  analyzed  is  reviewed  and  a  justification  is  given  for  why  the 
total  delay  was  chosen  as  the  representative  measure  of  effectiveness  for 
the  cost/effectiveness  analysis. 


Candidate  System  Detection  and  Service  Subayat 
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FIGURE  56:  DETECTION  AND  SERVICE  SUBSYSTEMS  OF  THE  15  CANDIDATE  SYSTEMS 


Detection  and  Service  Subsystems 
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In  Che  second  section  an  overall  discussion  is  presented  of  the  results 
of  the  cost/ef fectiveness  analysis  of  emergency  service  systems  and  the 
dominating  candidate  systems  are  Identified. 

The  variation  of  the  effectiveness  measures  for  the  different  days 
of  the  week  is  studied  in  section  three,  where  also  an  analysis  of  variance 
is  performed  for  the  variation  of  the  total  delay  for  the  fifteen  candidate 
systems. 

Qualitative  and  quantitative  differences  of  the  candidate  systems  are 
discussed  in  the  Section  6. A.  The  optimum  number  and  location  is  determined 
for  mechanical  service  units  assigned  to  posts  along  the  freeway  in  this 
section,  too. 

In  the  last  section  the  individual  effectiveness  measures  detection  time 
and  arrival  time  of  service  are  analyzed  which  give  an  insight  why  certain 
candidate  systems  dominated  others  in  the  cost/effectiveness  analysis. 

6.1  CORRELATION  BETWEEN  EFFECTIVENESS  MEASURES 

The  fifteen  emergency  service  systems  were  analyzed  with  the  next-event 
simulation  routine.  The  results  of  this  study  are  summarized  in  Figure  57, 
where  the  15  candidates  systems  are  arranged  in  ranking  order  for  the  cost 
and  effectiveness  measures  considered.  The  data  refer  to  average  values 
per  day^  (16  hours)  computed  for  the  total  study  period  of  the  day  and  swing 
shifts  (16  hours)  of  the  five  days  from  a  Monday  to  a  Friday  (see  Appendix  B) . 

From  the  ranking  of  the  candidate  systems  of  Figure  57  it  becomes 
apparent  that  for  all  systems  studied  the  effectiveness  measures  follow  the 
same  trend  per  system  if  compared  with  the  other  systems.  Further  analysis 
of  the  results  indicate  that  there  exists  a  high  correlation  between  the 


The  term  day  is  used  in  the  further  text  synomymous  to  the  16  hour  period 
from  6  a.m.  to  10  p.ra.  per  24  hour  day. 
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arrival  ciae  of  mechanical  service  and  Che  collective  measures  of  effectiveness, 

particularly  with  the  blockage  time.  This  is  due  to  the  fact  that  the  on-site 

service  time  assuaed  In  this  analysis  Is  Independent  of  the  service  subsystem 

and  equal  for  all  candidate  systems  (see  Subsection  5.3.2).  The  blockage 

time  Itself  is,  therefore,  of  little  further  Information,  but  its  effect  on 

the  total  delay  anu  the  number  of  delayed  vehicles  Is  very  critical. 

The  blockage  time  Is  computed  as  an  average  for  all  95  incidents.  The 

total  delas  and  the  number  of  vehicles  delayed,  however,  are  estimated  from 

the  biockag-  trie  c  t  the  15  to  16  Incidents,  which  cause  delays  during  the 

study  peri''.  Nevertheless,  the  results  of  the  study  Indicate  a  strong 

correlation  be'  eer.  the  mean  daily  blockage  time,  t  ,  and  S  the  mean 

b 

sun  of  vehicles  delayed  per  day,  see  Figure  58a  .  It  Is  less  significant 

for  t  and  -  the  mean  sum  of  delays  per  day,  see  Figure  58b.  The 
0 

variations  are  csplalnuhle,  because  S  and  W  are  sums  of  all  delays 
occurring  at  different  tines  over  the  day  and,  therefore,  at  different 
traffic  d  to. nd s . 

The  t  tal  delay  a.vl  the  number  of  delayed  vehicles  are  highly  correlai 
for  the  gl  en  data  range  as  Figure  59  shows.  For  both  measures  of  «.ffectl 
a  decrease  In  their  value  indicates  an  improvement,  hovi ver ,  as  the 
regression  line  Indicates,  there  ire  still  some  variations  In  the  data. 

For  the  Interpretation  of  the  results  of  the  analytic  of  the  f  1 '  t -on 
candidate  s>s(rat,  the  total  delay,  U  ,  is  assuned  to  be  the  represent  at Ivi 
measure  of  effectiveness.  This  measure  has  the  advantage  that  Implied  in  It 
la  a  measure  of  tlae.  It  one  wants  then  to  assign  a  cost  measure  to  t  late 
In  this  case,  dollars  per  vehicle  hour,  the  total  !elay  plotted  In  a 
cost  effectiveness  dlagtsft  becomes  very  Inf  r  —  * t  . 


Delayed  Vehicles 


FIGURE  58a:  TOTAL  NUMBER  Or  VEHICLES  DELAYED  AS  A  FUNCTION  OF  THE 
BLOCKAGE  TIME 


FIGURE  58b:  TOTAL  DELAY  AS  A  FUNCTION  OF  BLOCKAGE  TIME  FOR  THE  15 
CANDIDATE  SYSTEMS 
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FIGURE  59:  RELATION  BETWEEN  TOTAL  DELAY  AND  NO  VEHICLES  DELAYED  FO"  THE  L , 
CANDIDATE  SYSTEMS 


! 
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6.2  COST  AND  EFFECTIVENESS  ANALYSIS 

In  the  preceding  section  It  was  shown  that  the  total  delay  can  be 
considered  as  a  representative  measure  of  effectiveness  for  the  evaluation 
of  alternate  emergency  service  systems.  Figure  5*>  Indicates  that  candid  itt 
system  1  [box;  stat.  pol.  +  mech.  (1  -  1)]  Is  the  least  expensive  systcr  to 
install.  Relative  to  this  system  the  other  14  candidate  systems  are 
plotted  in  the  cost/effectiveness  diagram  of  Figure  60.  In  this  diagram  the 
abscissa  gives  the  additional  expenditures  necessary  to  install  any  of  the 
14  other  candidate  systems  and  the  ordinate  gives  the  reduction  of  total 
delay  which  can  be  achieved.  The  numbers  assigned  to  the  data  points 
refer  to  the  candidate  systems  and  if  data  points  are  connected  with  a  line, 
it  means  that  the  systems  are  directly  comparable,  l.e.,  In  system  7  and  8 
the  service  subsystem  [stat.  pol.  +  mech.  (1-1-1)]  is  kept  the  same, 
while  the  detection  subsystem  varies  from  one  detection  patrol  (syi ten  7) 
to  two  patrols  (system  8)  per  study  section. 

The  cost/ef  fectivenc-ss  diagram  indicates  clearly  that  systems  1 
(box;  stat.  pol.  +  mech.  (1  -  1)]  and  system  3  [phone;  stat.  pol.  +  mech. 

(1  -  1)]  are  the  most  economical  candidate  systems.  System  2 

[box;  stat.  pol.  +  mech.  (1  -  1  -  1)]  and  system  4  (phone,  stat.  pol.  ♦  seen. 

(1-1-1)]  achieve  the  lowest  cost/effectiveness  and  prove,  therefore, 

to  be  the  best  systems  analyzed  In  this  study.  All  four  systems  rely  on  the 

discrete  communication  terminals  as  the  detection  subsystem  and  on  stationary 

service  vehicles  spaced  at  5,  or  2.S  miles  Intervals.  The  gain  achieved  by 

improving  the  basic  emergency  service  system  (system  1)  to  system  2  is 

unmatched  by  any  of  the  other  candidate  systems.  The  reduction  in  total 

delay  in  this  case  is  achieved  by  stationing  one  more  mechanical  service 

unit  in  the  middle  of  the  study  section.  This  improvement  is  also  reflected 

in  the  reduction  of  delays  by  changing  system  3  [phone;  stat.  pol.  +  mech.  (1  -1) 
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ch.  (1  -  1  -  1)J,  and  system  9 


1  it 

Co  iyit«  4  [phone,  stat.  pol.  ♦  me 
(pot .  pol.,  stat.  atch.  (1  -  1)1  Co  system  10  (pat.  pol.;  atat.  mech.  ( 1  -  1  - 

Ail  candidate  systems  which  rely  on  either  detection  or  -.ervKc  patrols 
(ays ten*  7.6,9,10,11,12,1)  and  14)  are  laaa  coat /el  feet  lve  than  tnc  ones 
which  rely  on  discrete  coamjnlcat Ion  terminals.  Thla  becomes  obvious  If 
one  looks  at  the  relative  position  of  these  systems  to  the  basic  system  1: 

The  worst  results  arc  achieved  with  systems  9  and  10.  The  blend  of 
police  patrols  with  two  (system  9)  or  three  (system  10)  stationary  mechanical 
servUc  units,  results  In  a  negative  cost/ef  f  ec  t  lvenesa  ratio  relative  to 
system  1. 

If  the  detection  occurs  through  mechanical  service  patrols  (systems  11 
and  12)  some  delay  reduction  can  be  achieved,  but  the  Increased  cost  make 
these  sy* terns  still  not  preferable  to  system  1. 

The  use  of  detection  petrols,  l.e.,  motorcycles  petrolling  the  ftrrva 
only  for  the  purpose  rf  incident  detection,  ere  also  not  competatlve 
(systems  7  end  8). 

Of  the  candidate  systems  with  mixed  detection  systems  only  system  14 
[phone  ♦  pet.  pol.;  stst.  nech.  (1-1-1)]  achieves  s  cost  let t ec 1 1 ventss 
ratio  relative  to  system  1  which  makes  it  c  mpatlble. 

iaJ__.VAMAnoy  or  COST  AXP  tmCTIVENtSS  HiASUEES 

The  cost  figures  used  in  this  analysis  are  rather  crude  and  are  subject 
to  change  over  time  so  that  better  estimates  might  be  available,  which  would 
change  the  relative  position  of  some  candidate  systems  In  the  cost  and 
effectiveness  diagrams.  To  allow  a  la.er  refinement  of  these  results  the 
Intermediate  output  of  the  simulation  routine  relevant  to  the  cost  mod  .-Is 
of  Subsection  5.2.1  are  presented  In  Appendix  E. 

The  eophasls  In  the  Interpretation  of  the  results  has  been  on  tnc 
mean  values  computed  for  the  measures  of  effectiveness  per  study  per. od. 


However,  If  one  looks  at  the  variation  of  these  wans  wl  .ch  a  c  Cc  •  ‘ 

pooled  variances  per  study  period  (see  Equations  (B-6)  >ih  {hi  2)) 
realises  that  aleost  ever)  Mean  for  a  candidate  systea  lies  .r.  ch-  >  .n;,  ' 
of  the  standard  deviation  of  the  other  candidate  systens,  se.  Figure  hi. 

The  large  variations  can  be  explained  if  one  looks  at  the  tnlysis  o! 
Individual  days  where  the  total  delay  differ*  drastically,  dep.-i  in;  ci 
the  number  and  the  occurrence  of  the  incidents  over  the  tlae  of  <  .><• 

Figure  62  shows  the  total  delay  for  the  individual  five  days  of  th  vec> 
(Equations  (1-9)  and  (1-10))  as  well  as  the  aean  for  the  live  days  n  1  t  h>‘ .  i 
pooled  standard  deviation  (Equations  (1-1.)  and  (1-12)).  These  stati  tl  * 
are  plotted  for  candidate  systens  2  and  9,  two  systens  whuh  give  estre  - 
results  in  Figure  57.  In  Figure  6)  the  mean  and  standard  deviation  of  i 
blockage  tine  (Equations  (E-5)  and  (1-b))  are  displayed  for  the  sane 
systems  and  days. 

The  pooled  variances  lake  into  account  the  variations  In  the  delays 
due  to  the  day  by  day  fluctuations  of  the  in. ident  occurrences  over  tlae 
end  space.  The  result,  however,  can  be  laproved  by  taking  advantage  of  a 
feature  of  the  simulation  routine,  which  Is  (hat  all  candidate  systems  were 
anal y led  with  the  same  array  of  randoa  numbers  to  generate  the  completion 
tines  for  the  relevant  sctlvltlss  for  each  systea  (see  Subsection  5.1.2). 

Taking  Into  sccount  this  property  of  the  slaulatlon  process  and 
considering  ths  relation  between  the  perforaance  of  the  candidate  systems,  1  , 

on  the  different  days  an  analysis  of  variance  node  1  for  a  two-way  layout 
was  designed.  For  this  model  the  usual  made  assumption  of  equal  variances, 

0J  ,  (111)  does  not  hold  true  so  that  ths  Individual  variances  for  each 
candidate  systea  hud  to  be  deterslned  froa  a  set  of  15  slnuitaneous  equations. 
(See  Appendix  D  for  the  analysis  of  variance  uodel  and  the  derivation  of  the 
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FIGURE  61:  MEAN  AND  STANDARD  DEVIATION  FOR  TOTAL  DELAY  FOR  15  CANDIDATE  SYSTEMS  AS  A  FUNCTION  OF  COST 
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The  variance  reduction  achieved  through  this  model  is  quite  drastic 
for  the  six  emergency  service  systems,  which  are  largely  deterministic  in 
their  model  representation.  The  analysis  of  variance  model  gives  larger 


variances  for  the  candidate  systems  with  mixed  detection  systems,  i.e.,  where 
two  detection  systems  interact.  Here  the  advantage  of  the  same  array  of 
random  numbers  is  lost  because  the  total  delay  is  based  on  the  minimum 
detection  time  computed  from  the  two  interacting  detection  systems. 

The  gain  achieved  with  the  analysis  of  variance  model  becomes  obvious 
from  Figure  61  where  the  reduced  variances  are  superimposed  on  the  pooled 
variances  for  the  study  period. 

6. A  QUANTITATIVE  AND  QUALITATIVE  DIFFERENCES  OF  THE  CANDIDATK  SYSTEMS 

The  coat/effectiveness  analysis  quite  clearly  establishes  that  those 
emergency  service  systems  which  rely  on  the  stranded  motorist  using  either 
a  call  box  or  an  emergency  telephone  are  the  dominating  systems.  In  this 
subsection  some  quantitative  and  qualitative  properties  of  various  candidate 
systems  are  discussed  which  indicate  the  relative  advantage  of  the  different 
systems. 

The  group  of  candidate  systems  which  appears  to  be  most  favorable  from 
the  cost/effectiveness  diagram  consists  of  discrete  communication  terminals 
as  the  detection  subsystem  and  stationary  police  and  mechanical  service 
units.  Call  box  and  emergency  telephone  operations  have  been  discussed  in 
various  studies  and  their  pro  and  cons  have  been  pointed  out  (see  [72,73,81, 
91,124]).  As  this  study  proves  the  detection  via  call  boxes  and  emergency 
telephones  is  very  fast  and  always  available,  but  they  have  the  large 
disadvantage  that  some  motorists  do  not  use  these  facilities  because  they 
either  can't  reach  them  or  are  afraid  of  possible  extra  charges.  The  cost 
per  call  Is,  therefore,  very  high  for  these  terminals  to  the  operating 


agencies,  and  this  is  ofcen  reason  enough  Co  rule  ouc  Chese  systems  with 
the  argument  that  the  police  patrol  the  freeway  for  law  enforcement  anyway, 
thereby  detecting  incidents  on  the  freeways.  The  results  of  this  analysis, 
however,  show  very  strongly  that  this  detection  system  is  superior  to  others 
and  that  attempts  should  be  made  to  encourage  the  use  of  the  terminals. 

This  could  be  done  by  proper  spacing  and  signing  of  the  boxes  and  by 
guaranteeing  a  fast  and  appropriate  response  to  the  request  of  service. 

The  question  if  call  boxes  are  preferable  to  emergency  telephone* 
cannot  clearly  be  seen  from  the  study  of  the  total  delay.  Emergency 
telephones  appear  to  be  preferable  because  of  the  posslbllty  of  transmitting 
a  precise  service  need;  nevertheless,  they  are  more  expensive.  This 
advantage  dots  not  appear  in  the  analysis  because  system  2  [box;  scat.  pol. 

+  mech.  (1  -  1  -  1)]  causes  12  vehicle  hours  less  delays  than  system  4 
[phone,  stat.  pol.  ♦  mech.  (1  -  1  -  1)],  as  Figure  60  indicates.  One 
reason  for  this  lies  in  the  fact  that  for  the  emergency  telephones  one 
minute  was  added  for  co  imu.i  Icut  Ion  on  the  phone,  a  time  delay  which  does  >10 
exist  for  the  call  boxes.  Another  reason  why  the  advantage  of  the 
emergency  phone  does  not  show  up  in  this  study  Is  that  ths  cowunl  at  ion 
terminals  are  assumed  to  be  monitored  at  the  dispatch  center  of  the  mechanl 
service  vehicles.  The  evaluation  phase  Is,  therefore,  not  critical  because 
with  the  arrival  of  mechanical  service  no  unneces- sry  delays  occur.  This 
would  be  quite  different  If  the  terminals  would  be  monitored  at  the  police 
communication  center  because  then  a  request  from  a  call  box  would  have  to  be 
evaluated  by  a  police  officer,  who  is  dispatched  to  the  scerm.and  who  only 
then  requests  mechanical  service  if  required.  However,  the  results  of  the 
study  quite  strongly  recommend  monitoring  the  ter-m  Is  j :  the  i>jr|cal 
service  dlspitih  ,-nter  hei  iuie  more  er»«  r  ge  n  y  ■*  t  > pp uge  •*  require  ■ «  ,nu  1 
service  then  the  service  of  police.  For  the  datj  on  the  B  ■>  Bridge  o.  .%  1- 


12  per  cent  ot  oil  Incidents  the-  police  were  present. 

Knowing  that  the  ersc  r  gone  v  telephones  provide  the  shortest  det»et 
t 1 ae ,  (see  Figure  5  7)  with  the  least  cost,  It  Is  interesting  to  Mr-  o 
which  stationary  service  s.  here  can  reasonably  u,pr  with  the  scrv.ee 
and  which  Is  the  opt  mu!  allocation  ot  the  »er\uc  vehicles  along  trie 
Sacause  the  detection  t lee  determined  (toe  the  emergency  telephones  .s 
Independent  of  the  service  suhiystrfl,  this  detection  subsystem  an  >>,■ 
In  the  performance  ot  tie  subopt  lnl  tat  Ion  ut  the  itJtlumrv  service 

Candidate  systems  1  to  b  tel l<ct  this  upprea  h.  All  tour  carl. -4 
ays  t  ess  h  n<  as  a  detection  tubs) vice  rner  jrn.  y  telephones  spaced  a a 
1/4  mle  aid  stationary  police  vehicles  (1  -  1)  The  effret  ot  d.rt 
service  veil. le  locations  on  the  effectiveness  Measures  can  he  used  • 
the  opt  laa  1  location  and  number  of  sechanl  .al  service  vehicles. 

The  espersdlture  of  an  additional  Mechanical  service  vehicle  to  i 
ays t e:  )  [phone,  stat  pol.  ♦  tech.  (I  -  1)|  to  system  [pi. one,  »’*• 

♦  Me  h .  (1  -  1  -  1)]  causes  a  redaction  ot  total  delay  and  the  n-rstet 
dalayed  vehicles  aa  can  be  aeen  fro*  tie  following  table 
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If  one  nore  ve1  lcle  t»  added  to  the  post  half  way  of  the  freeway  which 
corre<ponJi  t  >  »  -5  [phc  .»• .  stir,  po  1  .  ♦  tsech.  (1-2-1)]  the  gain 
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FIGURE  64a:  VEHICLES  DELAYED,  N  FOR  CANDIDATE  SYSTEMS  3,4, 
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Police  service  patrols  only  are  not  recommended  from  the  results  of 
this  study,  because  the  services  of  the  police  are  required  only  for  a  few 
incidents.  Systems  9  [pat.  pol.;  stat.  mech.  (1  -  1)]  and  10  [pat.  pol.; 
stat.  mech.  (1-1-1)]  reflect  this  disadvantage,  because  both  systems 
have  a  negative  cost/ef f ectiveness  ratio  relative  to  system  1  .  Because 
the  police  patrol  the  freeway  for  law  enforcement  anyway,  one  possibly  should 
not  take  into  account  the  full  costs  of  this  subsystem,  but  only  those  costs 
which  are  necessary  to  maintain  a  higher  patrol  frequency  than  that  which 
the  police  considers  as  necessary  for  law  enforcement.  This  would  improve 
the  relative  position  of  systems  9  and  10  in  the  cost/effectiveness  diagram 
but  would  not  affect  (reduce)  the  high  delays  caused  by  these  systems. 
However,  neither  the  psychological  effect  of  the  presence  of  the  police, 
even  when  only  mechanical  services  are  required,  should  not  be  neglected, 
nor  the  fact  that  the  police  actually  provides  minor  mechanical  services 
when  possible  or  justified. 

Mechanical  service  patrols  are  superior  to  police  patrols  as  systems  11 
[pat.  mech.;  stat.  pol.]  and  12  [pat.  mech.;  stat.  pol.  (1-1-1)] 
demonstrate.  It  appears  also  to  be  slightly  more  advantageous  to  let  two 
mechanical  service  vehicles  patrol  the  freeway  (system  11)  than  to  keep  the 
two  vehicles  stationary  (system  1  [box;  stat.  pol.  +  mech.  (1  -  1)]  if  one 
considers  the  total  delay  which  both  systems  cause.  However,  the  cost/ 
effectiveness  analysis  proves  that  the  stationary  systems  can  be  operated 
■ore  cost/ef fectlve  than  the  mobile  service. 

Emergency  service  systems  with  mixed  detection  subsystems  (candidate 
systems  13,14  and  15)  are  only  economical  if  the  subsystems  matched  are 
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complementary  and  proved  to  be  cost/effective  in  the  previous  analysis. 

This  is  true  for  system  14  (phone  +  pat.  pol.;  atat.  mech.  (1-1-1)]  where 
the  directional  dispatch  of  mechanical  service  vehicles  is  engendered 

by  requests  from  emergency  telephones  or  the  police  patrol.  These  two 

\ 

detection  subsystems  are  ideal  in  their  combination,  because  they  compensate 
their  disadvantages. 

6.5  INDIVIDUAL  EFFECTIVENESS  MEASURES 

The  individual  effectiveness  measures,  detection  time  and  arrival  time 
of  service,  reflect  the  effectiveness  of  the  candidate  systems  to  the 
stranded  motorist.  At  the  same  time  they  give  a  good  indication  of  the 
microscopic  performance  of  the  subsystems  as  can  be  seen  in  the  following 
paragraphs.  While  the  cost/effectiveness  analysis  based  on  the  collective 
measure  of  effectiveness,  total  delay,  provided  a  means  to  determine  which 
candidate  systems  are  the  best  and  by  how  much  they  are  better  than  others, 
the  individual  effectiveness  measures  give  an  indication  why  these  systems 
are  better.  If  one  wants  to  improve  the  effectiveness  of  emergency  service 
systems  with  the  goal  of  reducing  the  total  delay  one  has  to  investigate 
the  detection  time  and  arrival  time  of  service,  because  only  they  describe 
the  performance  of  the  individual  subsystems  and  components. 

6.5.1  Detection  Time 

A  comparison  of  the  different  detection  methods  can  be  based  on  the 
Figure  65  in  which  the  mean  detection  times  and  their  pooled  standard 
deviations  are  plotted  for  the  15  candidate  systems. 

The  detection  time  Includes  the  time  to  evaluate  the  service  need, 
which  demonstrates  the  disadvantage  of  the  call  box  as  a  means  of  detection. 
The  detection  time  is  in  this  case  equal  to  the  arrival  of  service,  which  is 
for  system  2  [box;  stat.  pol.  +  mech.  (1-1-1)]  5  minutes.  The  emergency 
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Celephone  shows  with  3.7  minutes  a  clear  advantage,  system  4  [phone; 
stat.  pol.  +  mech.  (1-1-1)].  This  time  advantage  is  even  6.0  minutes 
for  the  emergency  telephone  (system  3)  as  compared  with  the  call  box 
(system  1),  if  the  mechanical  service  subsystem  consists  of  only  one 
vehicle  at  each  end  of  the  freewa>  [stat.  mech.  (1  -  1)].  The  shortest 
detection  time  is  provided  by  system  14  [phone  +  pat.  pol.;  stat.  mech. 

(1  -  1  -  1)],  where  this  time  is  reduced  to  2.8  minutes.  The  most  efficient 
system  appears  to  be  13  [pat.  pol.  +  pat.  mech.],  with  a  detection  time  of 
3.6  minutes,  but  where  either  the  police  or  the  mechanical  service  already 
arrives  at  this  time.  However,  the  cost/effectiveness  analysis  showed, 
that  this  system  is  expensive  to  install  and  not  effective  measured  in  the 
reduction  of  total  delay  relative  to  the  basic  system  1. 

The  disadvantage  of  the  patrols  as  a  means  of  detection  is  demonstrated 
in  the  generally  higher  means  and  considerably  larger  variances  of  the 
detection  time  as  compared  to  the  same  statistics  for  discrete  communication 
terminals. 

6.5.2  Arrival  Time  of  Service 

The  arrival  times  for  police  and  mechanical  service  are  plotted  in 
Figure  66.  It  is  differentiated  between  the  arrival  of  any  service  and 
the  arrival  of  necessary  service.  The  arrival  of  any  service  is  of 
psyschological  importance  to  the  stranded  motorist,  but  is  often  actually 
part  of  the  detection  phase. 

Figure  66  indicates  the  general  trend  of  decreasing  arrival  times  ol 
service  with  higher  system  costs.  The  generally  later  arrival  of  the  police 
service  is  due  to  the  fact  that  only  one  police  vehicle  is  stationed  at  each 
end  of  the  5  mile  freeway.  Comparing  systems  11  [pat.  mech.;  stat.  pol.  (1  -  1) 
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FIGURE  66:  ARRIVAL  TIME  OF  POLICE  AND  MECHANICAL  SERVICE  AT  THE  SCENE  OF 
THE  INCIDENT  FOR  ALL  CANDIDATE  SYSTEMS 
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with  system  12  [pat.  mech.;  stat.  pol.  (1-1-1)],  one  realizes  that  the 
arrival  of  police  is  about  2.5  minutes  earlier  in  the  average,  if  one 
additional  unit  is  stationed  halfway  at  2.5  miles  of  the  freeway. 

An  analysis  of  the  arrival  times  for  systems  3,4,5  and  6  explains 
why  system  4  [phone;  stat.  pol.  +  mech.  (1  -  1  -  1)]  was  found  to  best  cope 
with  the  service  demand  in  Section  6.4.  The  arrival  time  of  mechanical 
service  varies  from  10.9  minutes  for  system  3  [phone;  stat.  pol.  +  mech. 
(1-1)]  to  5.5  minutes  for  system  5  [phone;  stat.  pol.  +  mech.  (1-2-1)]. 
While  in  system  3  the  average  waiting  time  for  an  available  service  vehicle 
(t  in  Subsection  5. 1.3. 2)  amounted  up  to  7  minutes  on  Tuesday,  this  time 
was  reduced  to  .6  minutes  for  system  4  [phone,  stat.  pol.  +  mech.  [1  —  1  —  i)) 
and  .1  minutes  for  system  5.  The  assignment  of  two  units  to  each  end  of  the 
freeway  has  the  disadvantage  of  the  highest  cost  and  later  arrivals  due 

to  the  larger  travel  distances;  system  6  [phone;  stat.  pol.  +  mech.  (2  -  2)]. 

The  adding  of  one  car  at  midpoint  of  the  freeway,  system  5,  causes  a  time 
reduction  for  the  arrivals  of  4.8  minutes,  while  the  gain  of  having  two 
cars  at  that  position,  system  5,  is  only  .6  minutes  at  twice  the  cost. 

The  shortest  arrival  times  are  achieved  with  system  2  [box;  stat.  pol. 

+  mech.  (1  -  1  -  1) ] ,  4  [phone;  stat.  pol.  +  mech.  (1  -  1  -  1)],  5 

[phone;  stat.  pol.  +  mech.  (1  -  2  -  1)],  and  14  [phone  ♦  pat.  pol.;  stat.  at  h. 

(1-1-1)],  namely  5.1  and  6.1  minutes.  Police  ana  mechanical  service 
patrols  (systems  9,  10  and  11,  12)  cause  long  detection  times  as  already 
Figure  65  indicated,  7.3  +  7.4  minutes.  This  has  its  t  ffect  on  the  arrival 
of  necessary  service,  if  the  detecting  patro..  does  not  at  the  same  time  provide 
the  service  need.  Police  patrols  (systems  9,  10)  generate  the  latest  arrival, 
of  mechanical  service  in  comparison  to  all  other  candidate  systems  which 
explains  the  bad  position  of  system  9,  10  in  the  cost/ef f ectiven'  js  analysis 
Mechanical  service  patrols,  systems  11,  12,  have  the  same  detection  time, 
but  because  their  arrival  time  is  equivalent  to  their  detection  time, 
mod  because  their  service  is  always  needed,  they  are  more  cost/effective. 


CHAPTER  7 
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DISCUSSION  AND  FUTURE  RESEARCH 

In  the  courst  of  this  research  a  systematic  approach  was  used  to 
analyze  freeway  erergency  service  systems.  The  observation  of  the  operation 
of  existing  detection  and  service  systems  showed  that  a  coordinated  e'fort 
of  all  related  agencies  is  required  to  guarantee  the  nts  rss.iry  ee.«  rgt'uy 
§er  vie  ’or  the  rot.  rlst.  A  aches  it  le  model  if  i  syst  ms  analysis 
atru  tuf>  1  >r  respor.fi  ,K  to  freewiy  in.  iJcnt  _>  w,i  -  therefore*  design*  J  Th« 
perfer'  ■  e  o  J  opera :  ion  o!  alternate  emerge  n  .■  service  s'-ste-*  being 
analyse  i  .  c  *  .■  ■  .^  of  coat  and  effectiveness. 

The  ope:  lti.n  !  an  emergency  service  system  w  is  divided  into  a 
sequen.  e  everts  i  i  .  t  lvltles  pc  r  f  o  r  ned  by  ttie  major  component*,  the 
police.  !*.<•,  h.i!';  .  tire,  and  aedical  services,  ot  the  detcello.  and  •  '*.  - 

subs  st  =s .  Ihis  i  r Iv.f,  *ode  1  was  then  used  as  the  ba»t»  for  a  *  •  •  ’ 
event  i.i.d  it  ion  prc«.r*» 

In  the  framewor*  I  t  ils  study  the  research  was  ..sited  to  tie  j  alv»l> 
of  thr  i  japjnenti  pallet  and  rc*  hjuh il  service  >n  an  urban  treeva).  The 
cost*  were  measured  in  dollars  foi  the  :  list  a  l  1  at  i  or  and  operation  «,  the 
system  Jnu  l.\  *  pc*  of  *f  tiettvene*  i  c.  .  res  were  used  irvdtvidu*. 

etfe  r  i  v  e  r  e  s  s  ae  a  a  u ;  e  i  ,  detent!  t  l  »nd  arrival  of  first  service  in  I 
the  ceile  ’  ivr  eriiutn,  the  tital  delay  and  the  number  of  vehicle*  de  li>r.  , 
as  a  (red  ot  (he  tarird  ot  *  second  in  ident  fifteen  candidate 

systems  wete  suhje  trd  to  an  analysis  of  t  tie  1 1  per!  orsan  e,  when  re,p  *J.n* 
to  Vi  iuirlul  incidents  -hich  o».^urred  during  one  «ecs  on  a  traffu  fscllit. 
Th.  .  aTu  Ida  t  e  tyitesi  cons.sled  b  as  W  a  1  1  >  of  d  1  »  r  e  1  «  oscrur  l  C  at  1  on  terminals 
along  s  line  ir  !  lee.iv  i'.d  *ervl«.e  pitroi*  is  del.  -  ».  *  *  t  r  *  » -  . 

pat*  oil  *  r  ititlonar.  s  e  l  *  l  .  «•  u  ^  li  as  set  c  >.*»  >  *  r  - 
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Submodels  representing  the  activities  in  the  activity  model  were 
developed  to  predict  the  completion  tine  for  the  Individual  tasks  and 
subsequently  the  overall  response  time  and  measures  of  effectiveness  for 
the  candidate  systems. 

A  comparison  of  the  candidate  systems  shows  that  the  combination 
of  discrete  communication  terminals  along  the  freeway  monitored  at  the 
dispatch  center  of  mechanical  service  as  detection  subsystem  and  stationary 
service  units  can  be  operated  with  the  least  costs  and  the  greatest 
effectiveness.  Patrolling  service  units  are  more  costly  to  operate  and 
their  use  leads  to  greater  delays  to  the  motorists  for  the  patrol  frequencies 
analysed.  1.  patrolling  service  vehicles  are  matched  with  discrete 
communlcst ion  links,  the  detection  time  ta  reduced,  but  the  arrival  ot 
•ervlce  Is  hardly  affected.  The  advantage  of  the  discrete  c  -nunKstlou 
terminals  might  be  questioned  If  the  motorist  does  not  activate  the  dete  t  lor. 
system  but  If  he  is  Informed  properly  about  Its  use  and  for  the  type  of 
emergency  stops  analysed  in  this  stud  ,  which  are  capacity  reducing  in  their 
effects,  the  detection  system  can  be  assua^d  to  be  activated. 

The  results  of  this  study  also  demonstrate  that  sn  investment  In  the 
mechanical  service  subsystem  Is  much  more  effective  (or  the  motorist  thar- 
en  Improvement  ot  the  police  service  This  Is  because  In  less  thar 
twelve  per  cent  of  the  Incidents  anulyied  the  service  ot  the  po 1 1 c e  was 
requested  A  big  improvement  can  deflnetly  be  achieved,  if  the  frsponsib: 
emd  the  service#  provided  of  (he  components  poll.c  unJ  M.Kar.Mi  service 
would  be  cofvbtned  into  on*  agency. 

The  stochastic  properties  of  the  incident  occurrence  and  of  the  events 
ant*  activities  studied  in  the  activity  model  are  pf'pagateJ  also  to  the 
results  f  ’.he  anal  sis  The  Beans  0*  the  effective  nets  measures  *T7*  at  ’ 

give  distinct  differences  for  the  various  candidate  systees,  but  tse 


1 


consideration  or  the  stand  ird  deviations  of  these  means  shows  the  complex  ity 
of  the  lnterpti'tat  I  on  «f  the  results. 

Futur«.  reseirch  in  this  arts  should  be  con*  er-t  rated  on  the  Improvement 
of  the  a  v  .1  i  ’  a  ‘j  1  ■*  yuhrodels  for  the  studied  activities  a  rod  should  be 
directed  toward  the  extension  of  the  analysis  to  the  sedlcal  emergency  system 
This  will  introduce  a  conflict  in  the  evaluation,  because  the  medical  aspects 

for  tt.e  suivtval  of  an  Individual  are  often  .onrr  jJUtory  to  the  dc*lie»  oi 

the  co’le  t !w  .  :  p«s»;ng  motorist*.  It  will  he  then  necessary  to  loos  at 

the  efts  .  -t  u  «•  of  the  time  and  not  at  the  minl»»l  activity  tines  as 

done  in  t  i  itu!  . 

The  affective  i  '>  measures  total  delay  and  the  number  of  vehWie* 
d  c  1  a  V  e  i  art  s.osl  .e  u  changes  In  t  hr  It  if  ;  It.  detund  and  tl?  u  ltv  ratr  o 
the  f  [nwit  .  In  I'«  t'jrple  analylej  here  the  demand  and  capacity  late 

are  relat.  ev  .onr.i.'  over  distance  tot  uniisturted  flow*.  Sut  i  •  e 

«f lev'  of  v»p»  It  r  c-  .  ng  . nc 1 Jer  1 1  on  the  transient  behavior  of  the 
trait  iv  fl  «  rate  ovc-i  tine  and  spa  e  remain*  to  be  studied  and  ha*  to  t>e 
vonsldered  l!  nore  vo~pie»  syster*  are  studied  Very  little  information  i • 
available  on  tic  anou  i  of  .  apa.l'.y  reduvftm  imposed  by  different  type* 

In.  Ideni  a*  v a r l ou ■  levels  of  trafft  ! 1 ow . 

The  ollevtlve  seJSure*  l  r  (  In  t  '.trmt  tola,  de.ur  »  \d  tui't  I  <; 

V*h  teles  u  1  a>  ed  are  only  u  *>  lull  os  1  onk  >  >  '  r  ap  %  t  .  t  y  r  «d  u  tio  a  .  > . 

fcy  an  In  l  cr.l  redu.es  the  capavl'y  of  trie  !l*-na»  below  the  demand  rate 
This  l*  mostly  only  tr  te  during  the  morning  and  afternoon  r.»>  ho. is,  %u 
that  doling  oif  pea*  hour*  nearly  no  v on t ( 1  but  i on  of  de.ay*  Is  en  Owrtere! 

1  1  r  !  3  *  %  a  £  ^  C  »  *  *  t  OA*  4it  «  ftC  f  ^  C  f  »  ’  \  1  r  -s  >'  •*>  >r  u  '  ‘H"  f  f  f  ,  1  ) 

loT  ,  r  a  'Vu  v  !  f  r  i  »  ‘lO^r  i  >r  p  if  1’f  ,  .  I*'  *  r  *  ’  *  s  1  1  >j  'ev  filr  ‘ 

be  Jute  a  30  Te  e!!e  tive  r  3«*  f  jfr.v  >  i  >  » !  c "  ’  r  ^  r  :  1 1  cl  J  *  f  .  g  fa*y 
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hours  as  comp*z*4  to  the  other  periods  of  the  dsy . 

The  use  of  the  sessurc  totsl  delay  Is  very  valuable.  If  one  assign* 

•  cost  Measure  to  tine.  An  interesting  study  would  be  to  determine  it  and 
when  the  increases  of  travel  times  due  to  incidents  and  accidents  are 
larger  than  the  tolerance  which  the  motorist  already  takes  into  account 
due  to  the  uncertainty  in  travel  times  in  general. 

The  simulation  ol  the  operation  of  various  detection  and  service 
systems  proved  to  be  very  Informative  mainly  with  respect  to  the  variation 
of  the  results.  This  approach  permits  the  analyst*  of  the  effects  of  changes 
In  various  parameter#  relevant  in  emergency  service  systems.  The  simulation 
program  has  the  potential  to  be  applied  to  more  cocplei  t ransportut ton 
facilities,  or  with  some  adaptions,  to  different  detectlor  and  service 
subsystems. 

The  decision  of  l  nplement  ,.tg  such  couple*  systems  as  an  emergency 
Service  on  highways  is  reached  at  various  political  level*,  v,  r  ,  j| ten 
regardless  of  the  cost  and  effectiveness  of  alternate  system*.  This 
research  shows  that  a  coordinated  effort  la  necessary  to  Improve  existing 
and  to  Install  new  emergency  service  systems  on  highways,  tor  the  survival 
of  tha  Individual  motorist  and  the  sake  of  the  highway  user  In  general. 

It  appear#  not  to  be  enough  to  provide  a  roalway  designed  tor  asn-us 
safety  and  speed,  but  an  Integral  part  of  an  operating  highway  la  an 
efficient  and  reliable  emergency  service  ayatea  Through  continued  resear  h 
In  transpot  tat  ion  planning  and  trafflv  safety  t hr  decision  maker  .  ^  poss.hl, 
be  provided  with  an  informal  ton  base  so  (hat  tie  can  convince  himself  of 


the  facts  and  lcdg«  available 
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Symbol  Descr  t  rt  l on 

•  Indta  or  superscript  used  to  identity  police  pjtrol 

b  lndea  or  superscript  used  to  Identity  mechanical  patrol 

c  lndes  or  superscript  used  to  Identify  unld  1  red  lonal  comaun l cat  Ion 

terminals  (will  bos  with  one  single  push  button,  signal) 
ausillaty  equipment  cost  (S'year) 

ausill.tr'  equip*  ent  cost  < $  /  un  1 1  ’  y  e  a  r  ) 

c  t  aiip  wi-r  c  o»  t  (  >  unit  /year  ) 

an 

C  '  sue;  :  .  a  i  ,  ...Ct  cost  ($/veat) 

A3 

c  eq j  . ;  it  ..  i  iitl  t  'year  > 

*<t 

c  1  ns  t  j  1 1  j  t  1  -n  .e>st  (S/unit/ year  ) 

C  lilr.rrjn  r  ost  ( 5 /uni t / y ea r ) 

o ? 

e  1  Sjlutrnancr  an  terallng  cost  1  $ / un lt/aile) 

op 

c^  total  eost  for  detection  ot  service  sub  ays  tea  q  •  a,b,C,e,!,g,h 

In  J/mllr/tl-e  p«r  ;jd,  t  i  ,  lb  hour*  <>r  ore  day  or  one  year 
capacity  >■!  Ire  -way  May  Siidgr)  Laat  boon! 


d 

<t 


l 

< 


capa  It)  o!  treeujy  (  fcsy  Sr  Id ge )  West  bound 

distance  (allesl  tree**!!*.!  per  unit  per  ti-c  pertoJ 

Hides  or  superscript  used  to  Identify  h  id  »  r«c  t  lonal  cossunlcat  ton 
terminals  (emergency  telephone) 

Indrs  or  superscript  used  to  identify  dele  t  1  on  patrol  (mo t o r c > c  1 1 ) 
ifides  or  Supers  rlpt  used  to  l  Jr  i  t  i t  »  p  e  service  units 


Statlined  at  *  p  ••  .'led  p  c  ♦  l  ' 


Ibb 


Sfffesl 

*1J 

h 


h 
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Description 

nuaber  of  police  vehicle*  stationed  at  post  j 

laic*  or  superscript  used  to  Identify  aechanlcal  service  units 
stationed  st  specified  posts 

post  of  the  aechanlcal  service  vehicle  which  Is  dispatched  to  an 

lac  1  lent 

nuaber  of  aechanlcal  service  vehicles  stationed  st  post  J 

•pact  1.4  he  tween  coessunK  at  Ion  terainals  (si  lea),  or  beat  length  tor 
patrols  (alles),  or  spacing  between  service  posts  (siles) 
coefficient  In  eatrta  N  ,  the  service  avallsble  queue  lutru, 

\j  *  *u  *2j  ’  Sj 


% 

a 

t 


o 


nuaber  of  candidate  svstessa 

asi^er  of  Iterations  per  day  (16  hour*  period) 
auafeer  of  lays  (16  hour  periods) 

asather  of  units  of  type  q  •  s.b.c.s.t  ,g,h  per  study  section 

of  length  L  (alles) 

lad  teste*  the  nuaber  of  the  terminal  which  Is  used  by  the  motor  isr 
or  the  past  troa  which  a  service  ve'.’cle  Is  dispatched 
(•  •  1  at  ■•<).*•  n  *l  st  a  •  L ) 


4  general  tern  to  Identify  subsystem  a.b  ,c ,e , f ,g ,h 

a  Maker  sal  location  of  coaaunlc  st  I  on  terminal  (q  •  c  tor  call  bo». 

o 

q  •  e  tar  saergency  tslephons)  or  service  vehicle  post* 

(q  •  g  far  police  vehicle  posts,  q  •  h  for  aechanlcal  service 
vehicle  posts) 

q^(t)  traffic  flow  (vph)  at  time  t  of  day,  last  bound 


q^(t)  traffic  flow  (vph)  st  tine  l  of  day.  West  bound 


1  ,  if  police  service  unit 


lr.  7 


■Symbol 


r 


2J.I 


c 

•  r 


t 


b 


t 

c 


t 

P 


t 

r  r 


t 


<1 


Description 

coefficient  In  vector  r  ;  r  ■  1  ,  if  police  service  unit 

X  •  *>  i  0|  i 

J  •  o  is  busy  during  incident  I  ,  zero  otherwise 

coefficient  in  vector  r.  .  ;  r_  ,  ■  1  ,  if  mechanical  service 

2,1  2o,l 

unit  J  ■  o  is  busy  during  incident  I  ,  zero  otherwise, 
arrival  time  of  first  detection  or  service  unit  at  the  scene  of 
an  incident 

clue  of  hlo.-i.igi'  of  treeway  due  to  incident,  equal  to  time  of  reduced 
f  r  <  ■  e w  i  opacity 

c .  *  u n i >  .. ’  t on  time 


tlr..  riet  l o1  Troa  dispatch  til  start  of  service  vehicle 

t  t->r  1  ng  WiUo  the  motorist  recovers  from  the  incident  and 
ivalu  itr,  )  -.twice  needs 

a  twli>  corp'.tui  tls,  the  superscript  signifies  the  detection 
or  service  a-  i.  er  u»ed  tor  the  activity 


travel  t 1 the  scene  of  the  incident 


detect  ton  t lee 


evaluat  ton  t  lee 


return  time  f  r  oa  »ce- c  incident  to  original  p>st 


on-slte  seivKe  t  ;e< 


t '  towing  t  lee  ,  tine  fro*  freeway  c » 1 1  to  garage  and  t>a  •  to  freeway 

entry 

it  t  1  ae  *  r  vi  m,  idei'  o.  ctr.  e  'll  <  r  J  j  i  it,  pnicrieC  r  ■> 


•r r\ ice  or 


f  tf  c  t  i c?n  uni r 
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Symbol  Description 

u  unit,  e.g.,  communication  terminal,  patrol,  service  vehicle 

v  speed  (mph)  for  q  -  a,b,g,h  and  q  •  w  for  walking  speed 

q 

w  walking  time  from  incident  to  call  box  (q  -  c)  or  to  emergency 

telephone  (q  ■  e) 
v  average  individual  delay 


*ijk 

yijk 

A(t) 

CR 

D(t) 

I 


UIC 

K 


L 


effectiveness  measure  for  incident  1  ,  Iteration  j  ,  and  day 
(16  hour  period)  k 

effectiveness  measure  for  system  i  ,  iteration  j  ,  and  day 
(16  hour  period)  k 

cumulative  arrivals  of  vehicles  to  time  t 

reduction  of  freeway  capacity  due  to  roadway  blockage  (In  per  cent) 

cumulative  departures  of  vehicles  to  time  t 

number  of  incident,  1  ■  1  for  first  Incident  analyzed 

I  •  NO  total  number  of  Incidents 
analysed  per  time  period 
event  of  the  occurrence  of  an  Incident 
type  of  service  necessary 

K  •  P  •  1  police  service  necessary,  P  •  o  if  not  necessary 

K  •  S  •  1  mechanical  service  necessary,  S  •  o  If  not  necessary 

1  *  \  *  1  tow  service  necessary,  V  •  o  if  not  necessary 

length  of  studv  section  (freeway) 

•atria  of  state  of  service  available  -  request  queues  at  tine  of 
incident  l 

total  naabft  of  vehicles  delayed 


Q(t)  number  of  vehicles  in  queueing  systes  at  tine  l 
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Symbol  Description 

Q  maximum  queue  length  or  maximum  number  of  veh.  in  queue 

max 

R  speudo  uniform  (0,1)  random  number  generated  in  the  simulation 

routine 

T  time  of  day,  when  incident  occurs  (minutes),  T  *  1  at  12.01  a.m., 

T  -  1440  at  12.00  p.m. 

TQ  queueing  time 

W  total  queueing  time,  total  delay  (veh.  hours) 

X  location  of  incident  on  freeway,  X  <  o  West  bound 

(mi  Lea) 

X  >  o  East  bound 

Mt)  arrival  rate  of  vehicles 

4t  discrete  tine  interval  used  in  queueing  model 

u(t)  departure  rare  of  vehicles 
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APPENDIX  A 


COST  Oi  ISDIWDLAL  DETECTION  AND  SERVICE  SYSTEMS 

The  cost*  derived  f or  the  various  emergency  service  systems  .re 
adopted  ir.'j  [102],  ea^ept  for  the  detection  patrol  which  ere  based  on 
[43].  To  f  aclllta.e  the  1 nt e r p r e t j t 1  on  of  the  cost  figures  given  in 
Figure  s:  the  rsi  .'pt lo  u  ude  by  (102)  and  for  thi*  stuJy  are  pre-.tni«d 
In  this  j,  c  nd  l  \ 

The  .oiti  »!.ow  ji>  appru»l“»te  and  based  on  several  estimates.  The 
Cost  o'  r,u!'».!t  unless  specif.  ttl  otherwise;  »n  1  its  lns(  4  1  1  Jt  loi.  .s 
aetr  tired  r  to-  .e„t»  Where  rso  lnl  Jtu4t  h  i  or  uai  nt  ■•nance*  ost  was 

available,  s  t  . ;  e  .sttaatesi  to  be  high  was  ihoosen. 

The  v*  •  t  '  personnel  to  a  •  n  1 1  o  r  l  ng  »l  >:  1  >n  was  b  .>  *  e  d  on  'inning 

on  »  -«e».  jhS-d  iy-/eat  basis.  This  requires  f 1 . C  re  n  per 

po*  1 1  l  or  pt  *  .  .  ..  t  d  |< 

M«  opera!  r  o  ’nilci  arwj  one  aulnte  ante  technician  at  *  >  5  year 

are  ltp.c)i  .  per  3  hu.i  *  .It  V  center  f  r  receiving  rnerg-n  t  .» .  1  »  at 

J  l  0  ,  (  <  and  a  sttj  t.tc  w  t’li  }  ^  ,  CKhl  t  Uou  »  e  t  re.e.ver*  an  le.  od  cm 

la  * » 

Pettrnne.  t  pit  t «  .  and  .  e :  v  l  c  o  ve  ti  .  .  ■>  deployed  >n  .’  ■»  h.  u  r  ,  /  -d  A> 

wees.  }•  .-dav-y«ar  "inning,  w*-i.  requires  five  *cr  per  dav  and  vehicle  at 
4CXX.  i  ,  s.a  >  r  a  r 

The  d  ’  *  -  l.sted  here  in  Dollars  Mile  tear  r  collars/lnlt/Year  or 
Dollars/Tear  were  linearly  scaled  d.*vn  to  a  t.rse  period  oi  16  hours  per  day 
for  this  a t -d y  (see  Chapter  6J. 

1  r>  1  d  1  r  c  '■  i  i  1  .o~r.nl.,  ,n  jon  Tef  jnal  u  i.  .  •  o  t 


Eq-.lpre.nt  s  t 

r  .  t  ov  e  r  ten  .  i  r  ■>  . 

1 1  S  /  in  l  •  y  •  ir. 

Insta.l  it  '.on  >■.' 

.  •  In.  lud**i  wire 

'  t ) . 

•  60  > /un : * 

,  «*  \  T 

in  — 

Maintenance  cost:  estimate  20  $/year,  c  "20  $/unit/year. 

op 

Auxiliary  equipment  cost:  receiving  center  at  $10,000  over  ten  years 
and  structures  $20,000  over  ten  years,  c^c  *  3000  $/year. 

Auxiliary  personnel  cost:  1  monitor  and  1  maintenance  technician  at 
$6,000  ,  c  -  2»  5*  6000  -  60.000  $/year. 

wldlrect lonal  Corninl cat  ion  Terminal  (Emergency  Telephone) 

Equi  pment  cost:  200-600  $/unit  over  ten  years,  c^  ■  40  $/unit/year. 

Installation  cost:  2*c  (Includes  wire  cost),  c.  ■  80  $/unit/year. 

eq  in 

Maintenance  cost:  estimate  40  $/year,  c  ■  40  $/unit/year. 

op 

Auxiliary  equipment  cost:  see  call  box. 

Auxiliary  manpower  cost:  see  call  box. 

Detection  Patrol 

Equipment  cost:  3000  $/vehicle,  life  one  year,  c  -  3000  $/unit/year. 

eq 

Operating  cost:  c  •  .08  $/unit/mile. 

Manpower  cost:  1  man  per  vehicle  24  hours/day  at  6000  $/year, 
c  •  i*5»6000  »  30.000  $/unit/year. 

Auxiliary  equipment  cost:  spare  vehicles,  maintenance  facilities  1/5 
vehicle  at  3000  $/vehicle,  life  two  years,  c^c  -  3000/2/5  -  300  $/unit/year. 
Receiving  center  and  structures:  see  call  box,  c^c  -  3000  $/year. 
Auxiliary  personnel  cost:  see  call  box. 

atrol  and  Police  Service  Unit 

Equipment  cost:  4000  $/vehicle,  life  one  year,  cg^  ■  4000  $/unit/year. 

Operating  cost  c  •  .06  $/unit/mile. 
op 

Manpower  cost:  1  man  per  vehicle  24-hours/day  at  6000  $/year, 
c  •  1« 5*6000  ■  30,000  $/unit/year. 

014 


Auxiliary  equipment  cost:  spare  vehicles,  maintenance  facilities  1/5 


vehicle  at  4000  $/vehicle,  life  two  years,  c  ■  4000/2/5  *  400  $/unit/year 

8C 

Communication  center  and  structures:  at  $30,000  over  ten  years, 

c'  ■  3000  $/year. 

ac 

Auxiliary  manpower  cost:  maintenance  and  communication  personnel 
assumed  2  per  center,  24-hours  a  day  at  6000  $/year,  c^  ■  2*5*6000  * 

60 , 000  $/unit/year. 

Mechanical  Patrol  and  Mechanical  Service  Unit 

Equipment  cost:  8000  $/vehicle,  life  one  year,  cg  **  8000  $/unit/year 
OperaLing  cost:  c  -  .  12  $/unit/mile. 

Manpower  cost:  1  man  per  vehicle  24-hours/day  at  6000  $/year, 

c  -  1*5»6000  =*  30.000  $/unit/vear. 

ma  «« 

Auxiliary  equipment  cost:  spare  vehicles,  maintenance  facilities  1/5 

vehicle  at  8000  $/vehicle,  life  two  years,  c  -  8000/2/5  -  800  $/unit/yoar 

ac  — 

Communication  center  and  structures:  at  $30,000  over  ten  years, 

c'  -  3000  $/vear. 
ac  - 

Auxiliary  manpower  cost:  see  police  patrol  and  service  unit. 


APPENDIX  B 


STATISTICS  OF  EFFECTIVENESS  MEASURES 


In  this  appendix  the  computations  are  summarized  for  the  individual 

and  collective  effectiveness  measures. 

For  each  incident  occurrence  the  detection  time,  the  arrival  time 

of  aervice,  the  blockage  time  as  well  as  the  number  of  delayed  vehicles 

and  the  total  delay  are  computed.  The  general  term  used  for  these 

effectiveness  data  is  x.  for  the  i-th  incident,  the  1-th  iteration 

ijk  J 

and  the  k-th  day. 

The  representative  effectiveness  measures  for  the  total  study  period 

(five  16  hour  periods)  are  the  mean  and  pooled  variance  which  are  computed 

fro*  the  *.  ..  . 

ijk 

1)  For  the  detection  time,  the  arrival  time  of  service,  and  the  blockage 

time  the  basis  of  the  computations  were  the  mean  effectiveness  per  day 

k  and  Iteration  J  ,  i.e.,  an  average  over  the  n^  incidents,  which 

occurred  on  day  k  ,  x  .  The  mean  effectiveness  measures  and  the 

•  Jk 

pooled  variance  for  the  study  period  (five  16  hour  periods)  are  then 
computed  in  the  following  form: 


a)  per  -lay  k  and  iteration  j 
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d)  variance  between  the  five  days 
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2)  For  tbe  total  delay  and  the  number  of  delayed  vehicles  the  computations 
were  based  00  the  awn  of  the  effectiveness  measures  per  d<*y  k  and 
Iteration  j  ,  x^^  ,  where  I  indicates  that  the  term  is  a  sum  over 
the  n^  Incidents  which  cause  delays. 

For  the  collective  effectiveness  measures  total  delay  and  number  of 
vehicle  delayed  the  means  and  pooled  variance  are  then  computed  from 
the  following  formulae: 


B.  3 


a)  per  day  k  and  iteration  j 
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APPENDIX  C 


RESULTS  OF  THE  COST  AND  EFFECTIVENESS  ANALYSIS 

In  this  appendix  the  results  cost  and  effectiveness  analysis  are 
suaaerized  as  they  were  obtained  from  the  simulation  routine  "DESERV" 
for  the  IS  candidate  systems. 

The  aeans  and  standard  deviations  for  the  cost  and  effectiveness 
measures  for  16  hours/day  are  listed  per  system  in  the  following  way: 

first  row  (a)  mean  per  day  from  Equations  (B-S)  and  (B-ll) 

second  row  (b)  standard  deviation  between  days  from  Equations 
(B-7)  and  (B-13) 

third  row  (c)  pooled  standard  deviation  per  day  from  Equation 
(B-6) 

fourth  row  (d)  pooled  standard  deviation  per  day  from  Equation 
(B-12) 


Candidate  Detection  First  Police  Mechanical  Blockage  Number  of  Total  Cost 

System  Time  Arrival  Arrival  Service  Time  Vehicles  Delay  ($/Mlla/ 

(Min]  of  Any  Time  Arrival  (Min]  Delayed  (Veh. Hours)  16  Hours) 
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System  Time  Arrival  Arrival  Service  Time  Vehicles  Delay  [$/Mile/ 

(Min]  of  Any  Time  Arrival  [Min]  Delayed  [Veh. Hours]  16  Hours] 
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APPENDIX  D 

ANALYSIS  OF  VARIANCE  FOR  UNEQUAL  C* 


In  Subsection  6.3  on  analysis  of  variance  aodel  was  suggested  which 
takes  account  of  the  property  of  the  simulation  program  that  the  same 
array  of  randor  numbers  was  used  to  analyze  alternative  emergency  service 
systems. 

Considering  this  feature  ol  the  simulation  process  and  taking  into 
account  the  relation  between  the  performance  if  candidate  systems  1  and 
the  days  k  analyzed  the  following  analysis  of  variance  model  for  a 
two-way  layout  was  designed. 


(1) 


yijk 


+  S 


J  (k) 


+  Yik  + 


'ijk 


with  the  side  conditions: 


(2)  3L  Vo  • 0 

(3)  Uk  -  0 


(4) 


0 


y.  ,  corresponds  to  the  effectiveness  measure,  here  total  delay  W  for 
lj  K 

system  l  ,  iteration  j  and  day  k  .  (y  ,  ■  x_  ,  of  Equation  (B-8).) 

*J  ^  t J  * 

There  are  n^  -  15  systems,  n^  -  100  iterations  per  day  and  n^  •  5  days. 
The  estimates  for  ,  3^  are 


1 


a..  - 

i  n,n 


l  l 

j"k  j  k 


ijk 


(5; 


d.  : 


(«) 


*j(k)  "  nt  [  Yijk 


(7) 


ik  nj  jck  y^k  nJ  Jck  ^(k)  1 


*nd  Che  grand  mean  is 


(8) 


U  -  — ■* -  l  l  l  y 

VA  i  J  k  1)k 


In  concrast  Co  Che  usual  analysis  of  variance  [111],  where  ic  is 

2 

assumed  Char,  che  random  variables  have  equal  variance  0  ,  in  Chis  model 

1C  is  taken  inCo  consideration  thac  Che  variance  of  is  noc 

equal  for  all  i  (o  i  ?  ,  where  p  i  i)  . 

*  P 

2 

The  estimation  of  the  variance  of  which  is  the  mean  total 

delay  for  system  i  ,  is  then  determined  from  the  following  analysis 
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1  nj\ 1 
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(11)  Var  [ylk]  -  | r- 


■_1_  _1 _  +  _JL _  _2 _  _2 _  2  *1 

n.  2  n.n.  n.n.  n.n,  n.n.n. 

L  j  j  Tt  i  J  J  k  i  J  kj 


(12) 
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tyijk’YikJ  "  ^  "  ninJC 


Estimating  the  variance  for  from 


6ijk  "  yijk  "  ’i  "  Sj(k)  “  Yik 


(13) 
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(U)  V.r  ti1JkJ  -  Eli21Jk)  -  E2|i1Jk) 


one  obtains  after  inserting  the  variances  and  covariance 


Candidate 

System 

1 

Mean  Daily 
Total  Dels, 
per  System  i 

Equ.  (B-5) 

Equ.  (D-5) 

Standard 
Deviation 
of  Grand 
Mean 

y... 

Pooled 
Standard 
Deviation 
for  Study 
Period 

*E 

Equ.  (B-12) 

Standard 

Deviation 

of 

from 

ANOVA  Model 

°i 

Equ.  (D-16) 

Sums  of 
Squares 

1 1  «L 

J  k  1Jlc 
Equ.  (D-15) 

1 

290.06 

242.72 

145.72 

83.86 

3573345.98 

2 

212.62 

209.96 

127.76 

59.01 

2094606.88 

3 

289.50 

239.36 

147.73 

86.67 

3772830.43 

4 

224.01 

215.67 

130.58 

60.94 

2191173.20 

5 

215.20 

214.91 

130.47 

60.79 

2183514.27 

6 

236.42 

218.47 

129.90 

61.73 

2231442.40 

7 

296.20 

273.84 

156.96 

97.03 

4565535.28 

8 

220.89 

219.36 

132.73 

62.64 

2278320.57 

9 

384.12 

321.21 

217.30 

178.72 

13948804.64 

10 

309.95 

296.12 

201.15 

158.64 

11127643.78 

11 

289.13 

302.79 

199.99 

160.81 

11416413.58 

12 

273.93 

280.96 

195.68 

208.16 

18694175.72 

13 

270.26 

272.87 

173.54 

211.02 

19192748.71 

14 

213.37 

219.46 

131.61 

178.40 

13902078.02 

15 

273.60 

266.42 

173.98 

204.27 

18025809.40 

Grand  Mean  y###  •  265.77  [veh.  hours] 


TABLE  D-l:  RESULTS  OF  ANALYSIS  OF  VARIANCE  WITH  UNEQUAL  0^ 


APPENDIX  E 


INPUT  AND  INTERMEDIATE  OUTPUTS  OF  THE  SIMULATION 
PROGRAM  "DESERV" 


Input 

The  linear  freeway  is  represented  by  a  five  mile  section  (L  ■  5  miles) 
of  the  San  Francisco-Oakland  Bay  Bridge  between  the  call  boxes  number 
512  (612)  and  187  (387). 

The  basic  design  for  the  detection  and  service  subsystems  is  shown  in 
Figure  35.  There  the  values  are  given  for  n  and  £  ,  q  ■  a,b,c,e,f  ,g,h 

q  q 

as  well  as  for  and  h^  . 

The  travel  speeds  for  patrol  and  service  vehicles  are  assumed  to  be 
-  45  mph  and  v^  -  43  mph  for  q  *  a,b,g,h  .  The  walking  speed  Is  set 
at  3  mph. 

The  activity  times  t  and  t  are  estimated  to  be  1  and  1.5  minutes 

c  re 

respectively. 

The  traffic  demand  rate  X(t)  -  f (q ( t) )  is  approximated  by  the  piecewise 
linear  function  of  the  traffic  distribution  over  the  time  of  day  as  given 
in  Figure  25  from  [63]. 

The  capacity  of  the  linear  freeway  (3ay  Bridge),  u(t)  is  8600  vph 
East  bound  and  9000  vph  West  bound  based  on  [113]. 


The  n,  ■  15  candidate  systems  were  analyzed  on  a  set  of  95  incidents, 
which  occurred  on  n^  ■  5  days  (Monday,  October  7,  to  Friday,  October  11,  1968) 
during  the  day  and  swing  shifts  (16  hours,  from  6  a.m.  to  10  p.m.).  For 
each  day  and  candidate  system  n^  ■  100  replications  were  made  with  ’■-he 
simulation  program  "DESERV". 


E.2 


LIST  OF  INCIDENTS  AND  THEIR  CHARACTERISTICS 
FOR  STUDY  SECTION  AND  STUDY  PERIOD 


Number  of 
Incident 


Monday , 

10  incidents 
1 
2 
3 
A 

5 

6 

7 

8 

9 

10 

Tuesday , 

26  incidents 
1 
2 
3 
A 

5 

6 

7 

8 

9 

10 
11 
12 
13 
1A 

15 

16 

17 

18 

19 

20 
21 
22 
23 
2A 

25 

26 
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Number  of 

Location 

Time  of 

Police 

Mechanical 

Tow 

Capacity 

Incident 

Day 

Service 

Service 

Service 

Reduction 

+  X 

T 

P 

S 

V 

CR 

[Miles] 

[Minutes] 

(0,1) 

(0,1) 

(0,1) 

[%] 

Wednesday, 

12  Incidents 

1 

2.92 

568 

1 

1 

1 

.50 

2 

2.72 

573 

1 

1 

0 

.30 

3 

-3.04 

586 

0 

1 

1 

.30 

4 

2.94 

594 

1 

1 

0 

.30 

5 

-1.81 

624 

0 

1 

1 

.30 

6 

.21 

h41 

0 

1 

0 

.30 

7 

.43 

739 

1 

1 

1 

.30 

8 

3.55 

813 

0 

1 

0 

.30 

9 

2.48 

918 

0 

1 

1 

.10 

10 

-.03 

998 

0 

1 

0 

.10 

11 

-2.52 

1027 

0 

1 

0 

.10 

12 

2.50 

1199 

1 

1 

1 

.10 

Thursday , 

32  Incidents 

1 

1.21 

385 

0 

1 

0 

.30 

2 

2.62 

392 

0 

1 

0 

.30 

3 

-1.69 

536 

1 

1 

1 

.30 

4 

-4.19 

588 

0 

1 

1 

.30 

5 

-2.00 

592 

0 

1 

0 

.30 

6 

.55 

604 

0 

1 

0 

.30 

7 

-2.21 

640 

0 

1 

1 

.10 

8 

1.35 

741 

0 

1 

1 

.30 

9 

.01 

763 

0 

1 

0 

.30 

10 

-4.86 

802 

0 

1 

0 

.10 

11 

.21 

810 

0 

1 

0 

.30 

12 

2.59 

816 

0 

1 

0 

.10 

13 

.87 

828 

0 

1 

0 

.30 

14 

.48 

831 

1 

0 

.30 

15 

-4.04 

854 

1 

1 

1 

.40 

16 

1.55 

901 

0 

1 

1 

.30 

17 

-4.31 

928 

0 

1 

0 

.30 

18 

.87 

937 

0 

1 

0 

.30 

19 

.38 

950 

0 

1 

.30 

20 

2.49 

961 

0 

1 

1 

.10 

21 

3.54 

973 

0 

1 

0 

.30 

22 

2.30 

991 

0 

1 

0 

.10 

23 

-1.95 

999 

0 

1 

0 

.30 

24 

-3.21 

1025 

'  1 

1 

.30 

25 

-4.06 

1066 

0 

1 

1 

.30 

26 

.78 

1090 

0 

1 

i  ■ 

.30 

27 

-.04 

1169 

0 

1 

1 

.10 

28 

-.03 

1185 

0 

1 

1 

.10 

29 

-4.31 

1237 

0 

1 

0 

.30 

30 

-2.28 

1240 

0 

1 

0 

.10 

31 

4.18 

1259 

0  i 

1 

0 

.30 

32 

4.35 

1300 

0 

1 

1 

.10 

Number  of 

Location 

Time  of 

Police 

Mechanical 

Tow 

Capac J  ty 

Incident 

Day 

Service 

Service 

Service 

Reduction 

t  x 

T 

P 

S 

V 

CR 

[Miles ] 

[Minutes ] 

(0,1) 

(0,1) 

(0,1) 

m 

Friday, 

15  incidents 

1 

2.04 

419 

0 

1 

0 

.30 

2 

.73 

474 

0 

1 

0 

.30 

3 

2.88 

530 

1 

1 

0 

.30 

4 

.68 

559 

1 

1 

1 

.30 

5 

-2.91 

608 

0 

1 

0 

.30 

6 

2.44 

611 

0 

1 

0 

.10 

7 

-1.03 

643 

0 

1 

0 

.10 

8 

.60 

727 

0 

1 

0 

.30 

9 

-4.53 

806 

0 

1 

0 

.10 

10 

-1.50 

979 

1 

1 

0 

.30 

11 

-.07 

1047 

0 

1 

0 

.10 

12 

-3.54 

1052 

0 

1 

0 

.30 

13 

-4.69 

1071 

0 

1 

0 

.10 

14 

.98 

1137 

0 

1 

0 

.10 

15 

-2.51 

1148 

0 

1 

1 

.10 

t 
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Output 

Of  the  95  Incidents  analyzed  per  candidate  system  14  to  15  incidents 
caused  a  capacity  reduction  which  reduced  the  freeway  capacity  so  that  it 
was  below  actual  demand  rate  at  the  time  of  the  incident.  The  distribution 
of  these  incidents  over  the  5  days  is  presented  in  the  following  table 


Monday 

Tuesday 

Wednesday 

Thursday 

Friday 

number 
from  6 

of  incidents 
a.m.  to  10  p.m. 

10 

26 

12 

32 

15 

number 

where 

of  incidents, 
ACt)  >  y(t) 

1 

7 

1 

4  or  5 

1 

The  cost  figures  given  in  Appendix  B  and  used  in  the  cost  effectiveness 
diagrams  in  Chapter  6  are  computed  with  the  formulae  of  Figure  52  and  the 
following  intermediate  output  of  the  simulation  routine. 


Emergency  Service  Subsystem 

Number  of 
Units,  n 

q 

Total  Mileage  for 

the  Five  16  Hour  Periods 

n  »d 

q  q 

A  Police  Patrol 

2 

10286.0 

B  Mechanical  Patrol 

2 

10286.0 

C  Call  Bex 

42 

- 

E  Emergency  Telephone 

42 

- 

F  Detection  Patrol  (1) 

1 

5400.0 

F*  Detection  Patrol  (1,1) 

2 

10800.0 

G  Stationary  Police  Units  (1-1) 

2 

154.3 

G*  Stationary  Police  Units  (1-1-1) 

3 

77.6 

11  Stationary  Mechanical 

Service  Units  (1-1) 

2 

1224.2 

H*  Stationary  Mechanical 

Service  Units  (1-1-1) 

i 

3 

675.2 

H**  Stationary  Mechanical 

Service  Units  (1-2-1) 

4 

675.2 

K***  Stationary  Mechanical 

Service  Units  (2-2) 

4 

1224.2 
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